Appl. No. 09/673,707 PATENT 

Amdt. dated 12/9/2003 

Reply to Office Action of 06/09/2003 

REMARKS/ARGUMENTS 
L Status of the Claims 

Claims 1-11, 52-58, and 68-78 are pending. Claims 12-18 and 25-52 have been 
canceled. Claims 59-67 and 79-103 have been withdrawn from examination. 

II, The Amendments Herein 

The amendments herein add no new matter. 

The amendments to the specification add information about patent requested by 
the Examiner. One typographical error noted in one of the paragraphs being amended has also 
been corrected. 

The amendments to claims 1 and 52 add a recitation that the binding specificity of 
the antibody is to the CD4-binding site of gpl20. The recitation is supported throughout the 
specification, including page 12, lines 25-32. A recitation has also been added to claims 1 and 
52 to clarify that the binding affinity is to gpl20, as helpfully suggested by the Examiner. 
Support for the amendment is found throughout the specification, including page 32, lines 8-17 
and Table 1 . The amendment to claim 57 clarifies the claim, as helpfiiUy suggested by the 
Examiner. 

III. The Office Action 

The Office Action rejects the claims on various grounds. Applicants amend in 
part and traverse the rejections. For the Examiner's convenience, the rejections are addressed 
below in the order in which they are presented in the Action. 

A. Obiections to the Specification 
1. Objection that there is no abstract. 

The Action objects to the specification as not containing an abstract and requires 
submission of an abstract on a separate sheet. Action at page 3. Applicants traverse. 
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Applicants respectfully observe that the application does in fact contain the 
required abstract. As in all published PCT applications, the abstract is printed on the face page 
of the application, at item (57), directly under the title. It therefore appears that the Action's 
objection is grounded on an inadvertent failure to note presence of the abstract. Reconsideration 
and withdrawal of the objection is respectfully requested. 

For the sake of good order, Applicants also note that the abstract published in the 
PCT application meets U.S. filing requirements. Abstracts in PCT applications are filed by the 
applicants on a separate sheet following the claims (see, MPEP §1826, page 1800-39, left 
column), but the international authorities then print them on the first page. The published PCT 
applications are uniformly accepted by the PTO as meeting the requirements of U.S. national 
stage applications. The Action articulates no reason why this procedure, which is uniformly 
applied, would suddenly fail to be acceptable with respect to the present abstract. 

2. References to U.S. Patents 

The Action requires that the specification be updated to refer to U.S. Patents that 
have issued on referenced applications. Action at page 3. 

The requested updates have been made. Applicants also noted a reference to a 
European application. Since it could not be immediately determined if the application had 
issued, and since the citation was part of a string of other citations making the same point, the 
reference to the European application was deleted. 

3. References to SEQ ID NO: 1 

The Action indicates that SEQ ID N0:1 is the sequence of both the intact 3B3 
antibody and 3B3(Fv). Action at page 3. 

The specification has been amended to clarify the references to SEQ ID NO: 1 . 
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B. Rejections under 35 U.S.C, $ 112 

1. Rejection for alleged lack of enablement 

Claims 8, 10, 55-56, 58, 74, 76, and 78 are rejected under 35 U.S.C. § 1 12, first 
paragraph, as allegedly not enabled. According to the Action: "[i]t is apparent that antibodies 
3b3(Fv) and 3B3(dsFv) as well as immunotoxins 3B3(Fv)-PE38 and 3B3(dsFv)-PE38 are 
required to practice the invention. . . . Since the specification provides no sequences for said 
material and one of skill would not be able to discern what Vh and Vl sequences of the 333 
antibody are incorporated into the claimed 3B3(Fv) or 3B3(dsFv), deposit of the aforementioned 
biological material is required." Action, at page 4. Applicants traverse. 

The specification in fact sets forth not only the amino acid sequences for the Vh 
and Vl of 3B3(Fv), with an exemplar linker peptide, but also a nucleic acid sequence encoding 
the Vh, the Vl, and the linker. See, SEQ ID N0S:1 and 2. Thus, contrary to the Action's 
statements, the specification clearly sets forth "what Vh and Vl sequences of the 3B3 antibody 
are incorporated into the claimed 3B3(Fv)." 

To the extent the Action's concerns go to the discussion of the cytotoxin PE38 or 
the creation of dsFv forms of the antibody. Applicants respectfully remind the Examiner that 
"[the test of enablement is whether one reasonably skilled in the art could make or use the 
invention from the disclosures in the patent coupled with information known in the art without 
undue experimentation.". MPEP § 2164.01, quoting, United States v. Telectronics, /nc.,857 F.2d 
778, 785, 8 USPQ2d 1217, 1223 (Fed. Cir. 1988). Further, the MPEP §2164.01 reminds the 
Examining Corps that "[a] patent need not teach, and preferably omits , what is well known in the 
art. In re Buchner, 929 F.2d 660, 661, 18 USPQ2d 1331, 1332 (Fed. Cir. 1991); Hybritech, Inc. 
V. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986), cert, 
denied, 480 U.S. 947 (1987)" (Emphasis added.) 

Thus, under the standards articulated by the Courts, and imposed on the 
Examining Corps by the MPEP, enablement depends on whether one of skill could make or use 
the invention in light of not only the specification, but also information known in the art at the 
time of filing. With respect to the sequence of PE38, Applicants note that the specification states 
that PE38 "is a truncated Pseudomonas exotoxin composed of amino acids 253-364 and 381- 
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608." Specification, at page 1 8, lines 10-11. Thus, to make PE38, the person of skill needs only 
to know the sequence of native Pseudomonas exotoxin ("PE"). That sequence has been known 
in the art for years, as exemplified by SEQ ID N0:1 of U.S. Patent No. 5,602,095 (the '095 
patent issued from the continuation of application 07/901,709, referenced in the current 
specification at page 1 8). The '095 patent issued in 1997, more than a year before the priority 
date of the present specification, and therefore was clearly available in the art to be coupled with 
the information in the present specification. (A copy of the '095 patent is enclosed herewith for 
the Examiner's convenience. ) The formation of PE38 and of immunotoxins incorporating it 
was also specifically available in the art before the priority date of the present application. See, 
e.g., U.S. Patent No. 5,608,039, which also issued in 1997, at column 26, lines 5-12. (A copy of 
the '039 patent is enclosed herewith for the Examiner's convenience. To avoid confusion. 
Applicants note that the "B3" antibody discussed in the '039 patent is a murine antibody that 
binds to the "Lewis'^" antigen present on some human cancers; it is not the same as the similarly 
named "3B3" antibody of the present invention, which binds to the glycoprotein gpl20 of HIV- 

1) 

With respect to the formation of disulfide-stabilized ("ds") Fvs, Dr. Pastan and his 
colleagues taught practitioners how to generate dsFvs from antibodies by mutating particular 
residues to cysteines in U.S. Patent No. 5,747,654, which issued in May 1997, again before the 
priority date of the present application. See, e.g., claim 2. The Examiner is respectfully 
reminded that a patent is presumed enabling for that which it claims. (A copy of the '654 patent 
is enclosed herewith for the Examiner's convenience.) 

In addition to these teachings available in the art, the application also sets forth 
methods known in the art for expressing the nucleic acid (e.g., specification, at page 22, lines 15- 
21), methods for chemical conjunction of the antibody to a effector molecule (e.g., page 20, line 
18, to page 22, line 7), and methods for expressing the antibody-cytotoxin construct as a fusion 
protein (e.g., specification at page 22, line 8 to page 25, line 19). Moreover, the specification 
contains a working example describing for the person of skill how such constructs were actually 
made. See, specification at page 31, line 16, to page 32, line 3. 
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Thus, Applicants respectfully maintain that, in the words of the Court cited by 
MPEP 2164.01, "one reasonably skilled in the art could make or use the invention from the 
disclosures in the patent coupled with information known in the art without undue 
experimentation." The application sets forth the sequence information sufficient to permit the 
practitioner to make and use the invention in combination with information known in the art. 
Thus, deposit of the materials discussed in the Action is not necessary to enable the invention. 
Reconsideration and withdrawal of the rejection is respectfully requested. 

2. Rejection under 35 U.S.C. § 112, second paragraph 

Claims 1-1 1 and 52-58 are rejected under 35 U.S.C. § 1 12, second paragraph, as 
allegedly indefinite for use of the phrase "a minimum binding affinity of 3B3." According to the 
Action, it is unclear if this phrase refers to the binding to gpl20 or to some other antigen. 
Action, at page 5. Claims 1 and 52 have been amended to recite that the binding affinity and 
specificity of 3B3 are with respect to gpl20. 

3. Rejection of claim 57 

Claim 57 is rejected as allegedly vague and indefinite by the term "FV("dsFv"). 
Action, at page 5. The claim has been amended to increase its clarity. 

C, Rejections of the Claims as Anticipated 
1. Rejection over Bera et al. 

Claims 1-11, 52-56, 68-74, 77, and 78, are rejected under 35 U.S.C. § 102(a) as 
anticipated by Bera et al., Mol. Med. 4:384-391 (1998) ("Bera"). The Action notes that the 
availability of the Bera reference was being determined and that the rejection would be 
withdrawn if the reference was not publicly available before the priority date. 

The Bera reference was not available before the June 11, 1998 priority date of the 
present application. Applicants' counsel had occasion to answer this question in 2002 in 
connection with one of the foreign equivalents of the present application. Attached is a copy of 
email correspondence from 2002 between the undersigned counsel for the Applicants and Dr. 
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Yvonne Cole, then the editor of the journal "Molecule Medicine." Dr. Cole indicated in her 
email that the mail date for the issue in question was June 30, 1998. 

Accordingly, the Bera reference was not available to the public as of the priority 
date of the application and is not available as a reference under § 102(a). The rejection should be 
reconsidered and withdravm. 

For the sake of good order, Applicants also point out that, in any event, the Bera 
reference would not be available as a reference for purposes of § 102(a). Section 102(a) requires 
on its face that the invention "be known or used by others . . . before the invention thereof by the 
applicant for patent." (Emphasis added). Thus, at a minimum, for a reference to be applied 
under § 102(A), it must constitute the work of another. Applicants respectfully note that the 
inventors of the present application are: 

Ira H. Pastan, Tapan K. Bera, Paul E. Kennedy, Edward A. Berger, and Carlos F. 

Barbas, III. 

The authors of the Bera reference are listed as: 

Tapan K. Bera, Paul E. Kennedy, Edward A. Berger, Carlos F. Barbas III, and Ira 
Pastan. Thus, there is no difference between the authors of the Bera reference and the inventors 
of the present application. The Bera reference is therefore not evidence that the invention that 
the invention was "known or used by others," as required for a reference under § 102(a). For this 
separate reason as well, the rejection should be reconsidered and withdrawn. 

2, Rejection over Matsushita et al. 

Claims 1-3, 6, 1 1, 57, 68, 69, 72, and 75 are rejected under 35 U.S.C. § 102(b) as 
anticipated by Matsushita et al., AIDS Research and Human Retroviruses, 6:193-203 (1990) 
("Matsushita"). According to the Action, Matsushita discloses an anti-gpl20 immunotoxin of 
the 0.5p antibody coupled to PE. The Action indicates that, in the absence of evidence to the 
contrary, the 0.5 p antibody is deemed to inherently have a binding affinity equal to or greater 
than the 3B3 antibody. Action, at page 8. Applicants amend in part and traverse. 

Claims 1 and 52 have been amended to recite that the claimed immimotoxins bind 
the CD4-binding site of gpl20. It was known before the priority date of the invention that the 
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0.5p antibody binds a determinant "within a disulfide-bridged loop in the third hypervariable 
region (V3) of gpl20." Faiman et al., J Biol Chem 271(23):13829-13833 (1996), at page 13829, 
left column. (A copy of Faiman et al. 1996 is enclosed for the Examiner's convenience.) The V3 
loop that is bound by the 0.5|3 antibody is not the same section of gpl20 as the CD4-binding site. 
Attached for the Examiner's convenience is a copy of Wyatt et al., Nature, 393:705-709 (1998). 
Figure 2 of Wyatt et al., on page 708, shows the spatial relationship of epitopes on the HIV-1 
gpl20 glycoprotein. As shown in Figure 2a, the upper left hand figure, the V3 loop bound by the 
0.5p antibody is located on the lower right hand side of gpl20, as it is modeled in this Figure. 
By contrast, as shown in Figures 2b and 2c, the CD4 binding site is located in a cleft on the 
middle left hand side of the gpl20 molecule (the abbreviation "CD4BS" is defined as referring to 
the CD4-binding site on page 706, left column, second full paragraph). 

Thus, the claims as amended recite an antibody that has a different binding 
specificity than that of the O.Sp antibody. As stated in MPEP § 2131.01, "[a] claim is anticipated 
only if each and every element as set forth in the claim is found, either expressly or inherently 
described, in a single prior art reference." Verdegaal Bros. v. Union Oil Co, of California, 814 
F.2d 628, 631, 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). Since the 0.5P antibody does not bind 
the CD4-binding site of gpl20, as now recited in claims 1 and 52, the Matsushita reference does 
not contain every element of the claims, as required for a proper anticipatory reference under 
§ 102(b). Accordingly, the rejection should be reconsidered and, upon reconsideration, 
withdrawn. 

D. Rejection of the Claims as Obvious 
1. Rejection of the Claims over Bera 

Claims 57, 58, 75, and 76 have been rejected under 35 U.S.C. § 103(a) as 
obvious over Bera, supra. Action, at page 9. The Action notes that the rejection would be 
withdrawn if Bera was determined not to be publicly available before the priority date. 

As set forth in Section C 1, above, the Bera reference was not available to the 
public as of the priority date of the application. It therefore is not available as a reference under 
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§ 103(a). The rejection of the claims as obvious over the reference should therefore be 
reconsidered and withdrawn. 

2. Rejection of the Claims as Obvious over Matsushita 

Claims 1-6, 8, 9, 1 1, 52-55, 57, 68-72, and 74-77 are rejected under 35 U.S.C. § 
103(A) as obvious over Matsushita, supra. According to the Action, Matsushita et al. discloses 
the anti-gpl20 antibody 0.5P coupled to PE. The Action states that, given that Matsushita 
discloses an antibody reactive with a number of HIV isolates, it would have been obvious for one 
of ordinary skill to use the 3B3 antibody in the Matsushita immunotoxin. Applicants traverse. 

The rejection rests on the assumption that the person of skill in the art would have 
been motivated to modify the Matsushita antibody based on the results set forth in the reference. 
But, Matsushita was published in 1990. Following the publication of Matsushita, the only anti- 
HIV-1 immunotoxin to reach clinical trials (the immunotoxin was also directed against HIV-1 
env) showed disappointing results. As reported by Ramachandran et al., J. Infect Dis 170:1009- 
13 (1994), patient HIV-1 proviral levels remained the same before and after immunotoxin 
treatment. Similarly, Davey et al., J. Infect Dis 170:1 180-8 (1994) reported no consistent 
changes in immunologic or virologic markers in patients to whom anti-HIV-1 immunotoxin was 
administered. (For the Examiner's convenience, copies of the Medline abstracts of these 
publications are enclosed.) Moreover, an immunotoxin using a portion of the CD4 molecule 
containing the gpl20 binding site had unexpectedly high toxicity. See, specification, at page 35, 
line 26 to page 36, line 6. In the wake of these reports, the approach of using anti-HIV 
antibodies as targeting moieties for anti-HIV immunotoxins was abandoned. See, e.g., Goldstein 
et al., J. Infect Dis 181 :921-926 (2000), at page 921, right column, bottom paragraph (for the 
Examiner's convenience, a copy of Goldstein is enclosed). Therefore, the teachings in the art 
shortly after the publication of Matsushita were that use of anti-gpl20 antibodies to target 
immunotoxins to HIV-infected cells would not work. 

As the Examiner will recall, obviousness is measured by what would have been 
obvious at the time the invention was made. The person of skill in the art at the time the 
invention was made would have been aware not just of Matsushita, but also the fact that 
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immunotoxins to kill HIV-infected cells had failed in clinical trial. Accordingly, following the 
1994 publication of the results of the clinical trials of the first anti-HIV-1 immunotoxin, no 
motivation existed in the art to create immunotoxins targeted by anti-HIV-1 antibodies against 
Hiy-1. 

Accordingly, even assuming that the Action's citation of Matsushita gave rise to a 
prima facie case of obviousness, that prima facie case was destroyed by developments in the art 
after the date of Matsushita's publication. Reconsideration of the rejection, and its withdrawal, 
are respectfully requested. 
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CONCLUSION 



In view of the foregoing, Applicants believe all claims now pending in this 



Application are in condition for allowance. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 



If the Examiner believes a telephone conference would expedite prosecution of 



this application, he is invited to telephone the undersigned at 415-576-0200. 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, Eighth Floor 

San Francisco, California 941 1 1-3834 

Tel: 415-576-0200 

Fax:415-576-0300 

Attachments 

LJH:ljh 

60079712 v1 



Attachments: Emails to and from editor of Mol. Med. 



U.S. Patent Nos. 5,602,905, 5,608,039, and 5,747,654 

Ramachandran abstract 

Davey abstract 

Goldstein article 

Faiman 1996 

Wyatt 1998 




Respectfully submitted. 
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From: 
T : 
Date: 
Subject: 



"Yvonne Cole" <ycole@picower.edu> 
"Laurence J. Hyman" <ljhynnan@townsend.com> 
Wednesday, January 16. 2002 2:04PM 
Re: Publication date 



Dear Mr. Hyman: 

I am very sorry for the confusion. I realised after our last communication 
that Springer-Verlag was the publisher of note. I have contacted the 
production manager at Springer-Verlag, and the compositor/printer (Cadmus) 
as well. Both agree, the mail date was June 30. 2002, and the issue did not 
appear online or on display at any time prior to that date. 
Best regards. 



On 1/16/02 at 12:41 PM Laurence J. Hyman wrote: 
>Dear Dr Cole: 

>Mr Breichner has informed me that JHU was not the publisher of Mol Med in 
>1998, and that he therefore could not provide the mail date for the June 
>1998 issue in question. He thought your publisher at that time might have 
>been Springer Verlag. Would you be able to provide me with the name of a 
>person at Springer Verlag I might be able to contact to get the mail date 
>information? Thanks so much. 

> Regards, 

> Larry Hyman 



>Laurence J. Hyman 

>TOWNSEND AND TOWNSEND AND CREW, LLP 

>2 Embarcadero Center, 8th Fir. 

>San Francisco, CA 941 1 1 

>(P) 415/576-0200 

>(F) 41 5/576-0300 

>ljh@townsend.com 

>NOTiCE: This e-mail is intended only for the use of the individual or 
>entity to which it is addressed and may contain information that is 
>privileged, confidential, and/or exempt from disclosure by applicable law 
>or by court order. If you are not the intended recipient of this email or 
>the employee or agent responsible to deliver this message to the intended 
>recipient, you are hereby notified that any dissemination, distribution. 
>or copying of this communication is strictly prohibited. If you have 
>received this communication in error, please immediately notify us by 
>telephone, destroy all copies of the communication, and delete the 
>communication from your computer system and files. Thank you. 



»» "Yvonne Cole" <ycole@picower.edu> 1/7/02 2:27:43 PM >» 
>Dear Mr. Hyman: 

>Thank you for your email. I have forwarded your request to our publisher 
>(The Johns Hopkins University Press), who can supply the information you 
>need. If you don't hear from them in due time, please contact the Journals 
>Director and Production Manager, Bill Breichner, 
>wbreichner@mail.press.jhLi.edu. 




> 



> 



>Best regards, 

> ■ ■ • 
> 

> 

>*********** REPLY SEPARATOR *********** 

> 

>On 1/7/02 at 1 :38 PM Laurence J. Hyman wrote: 
> 

»Dear Dr. Cole: 

» Dr. Ira Pastan of the NIH gave me your name as the contact person for 
the 

»journal "Molecular Medicine." In 1998. Dr. Pastan and his colleagues 
»published an article in your journal: Bera et al.. Mol Med 4:384-91 (June 
»1998). It has now become important to determine the actual date the 
issue 

»containing this article was mailed from the publisher (and, if the 
article 

»was placed on line before the mail date of the issue, the date that it 
was 

»actually placed on line). It would be greatly appreciated if you or the 

»appropriate person on your staff could provide this information. 

» I am the NIH's counsel with respect to this matter. If you have any 

»questions. please feel free to contact me by replying to this email, by 

»phone (direct line: 41 5/273-4744) or by fax (41 5/576-0300). 

» Very truly yours. 

» Laurence J. Hyman 

» Townsend and Townsend and Crew, LLP 

» 2 Embarcadero Center 

» San Francisco. CA 94109 

» 

»cc: Dr. Ira Pastan 
> 

> ' ■ 
>Yvonne I Cole, Ph.D. 
>Managing Editor 
>Molecular Medicine 

>The Picower Institute for Medical Research 
>350 Community Drive (4th Floor) 
>Manhasset, New York 11030 
>Tel: 516-562-9415 
>Fax: 516-869-8428 
>email: ycole@picoweredu 



Yvonne I Cole, Ph.D. 
Managing Editor 
Molecular Medicine 

The Picower Institute for Medical Research 
350 Community Drive (4th Floor) 
Manhasset. New York 1 1 030 
Tel: 516-562-9415 
Fax: 516-869-8428 
email: ycole@picower.edu 
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Reconsidering targeted toxins to eliminate HIV infection: you 
gotta have HAART. 

BergerEA, Moss B , Pastan I 

Proc Natl Acad Sci U S A 1998 Sep 95:11511-3 

BROWSE : Proc Natl Aca d Sci U S A • Volume 95 • Issue 20 
VIEW : MEDLINE, full MEDLINE , related records , full text 



Abstract 

The success of highly active anti-retroviral therapy (HAART) has inspired new concepts for 
eliminating HIV from infected individuals. A major obstacle is the persistence of long-lived 
reservoirs of latently infected cells that might become activated at some time after cessation of 
therapy. We propose that, in the context of treatment strategies to deliberately activate and 
eliminate these reservoirs, hybrid toxins targeted to kill HIV-infected cells be reconsidered in 
combination with HAART. Such combinations might also prove valuable in protocols aimed at 
preventing mother-to-child transmission and establishment of infection immediately after 
exposure to HIV. We suggest experimental approaches in vitro and in animal models to test 
various issues related to safety and efficacy of this concept. 

MeSH 
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Female; Gene Products, env; HIV; HIV Infections; Human: Immunotoxins; Liver: Models, 
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Institutes of Health, Bethesda, MD 20892, USA. edwardvberger@nih.gov 



BloAAedNet 



I nformation for Advertisers 



Research 
Tools 



Reviews 



Journal 
Collection 



News & 
Comment 



Books & 
Labware 



Science 
Jobs 



Web 
Links 



© Elsevier Science Limited 2002 



http://research.bmn.com/medline/search/record?uid=MDLN.98426 1 84 



3/4/02 



BioMedNet Research Tools 



Page 1 of 1 



II BioMedNet 

j I bmn.com 

research.bmn.com 



Research 
Tools 

Latest 
Updates 



Reviews 



Journal 
Collection 



News 8t 
Comnnent 



MEDUNE 



Swiss 
Prot 



Technical 
Tips 



Structures 
Database 



Mouse 
Knockout 



Books & 
Lab ware 

,^??\Section 
Search 



Science 
Jobs 



Web 
Links 



My BMN Exit 
;' ; Feedback ( y Help 

MEDLINE 

► Search 

Browse by Journal 

Browse MESH 
■ Preferences . 

About MEDUNE 

Quick Site Search . 



BioMedNet gjl 



Ad va need . s i te .sea re h 



Medline 



Sim^ Advanced Citation 



Re sults Record 



Failure of short-term CD4-PE40 infusions to reduce virus load 
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Abstract 

The safety, immunologic, and antiviral effects of a recombinant biologic product that combines the 
second and third domains of the CD4 molecule and Pseudomonas exotoxin A (PE40) were 
evaluated in 21 human immunodeficiency virus (HlV)-lnfected subjects in a phase III open-label 
dose- ranging study. Subjects with CD4+ lymphocyte counts of 100-500/mm3 received CD4-PE40 
at 40, 80, or 160 micrograms/m2 by Infusion three to seven times over 10 days. At the maximum 
tolerated dose (80 micrograms/m2), peak CD4-PE40 levels were 65-130 ng/mL with a serum half- 
life of 3.6 +/- 1.5 h. Toxicity, primarily increased hepatic transaminases, was dose-related and 
reversible. HIV DNA proviral levels in peripheral blood mononuclear cells and plasma HIV RNA 
remained stable during and after CD4-PE40 infusions. The relative resistance of clinical isolates of 
HIV, limits of the tolerated dose, and the immunogenicity and short half-life of the protein may 
explain the lack of In vivo antiviral effect of CD4-PE40. 
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Abstract 

Single and nnultiple doses of sCD4-PE40, a soluble recombinant fusion toxin selectively toxic to 
gpl20-expressing cells, were evaluated in persons infected with human immunodeficiency virus 
type 1 (HIV-1). Seventeen of 24 patients who completed a single-dose safety trial were given 
either 1, 5, 10, or 15 micrograms/kg of sCD4-PE40 by intravenous bolus once a month for 2 
months, then weekly for 6 weeks. The weekly maximally tolerated dose was 10 micrograms/kg. 
The major toxicity was a transient dose-dependent elevation in hepatic aminotransferases 
peaking 48 h after infusion. Anti-Pseudomonas exotoxin antibody developed in 58% of recipients, 
and sera from 13 of 17 showed neutralizing activity against sCD4-PE40. No consistent changes in 
immunologic or virologic markers were observed; Weekly infusions of < or = 10 micrograms/kg of 
SCD4-PE40 are generally well tolerated, but additional studies correlating optimal dosing and 
frequency of administration with efficacy will be needed to define the role of this novel agent in 
the management of HIV-1 -infected patients. 
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Chimeric Toxins Targeted to the Human Immunodeficiency Virus Type 1 
Envelope Glycoprotein Augment the In Vivo Activity of Combination 
Antiretroviral Therapy in thy/liv-SCID-Hu Mice 

Harris Goldstein,'-^ Massimo Pettoello-Mantovani,^ Departments of ^Pediatrics and of 'Microbiology and Immunology, 

Tapan K. Bera,' Ira H. Pastan,' and Edward A. Berger* ^^^^^^ Einstein College of Medicine. Bronx. New York; ^Laboratory 

of Molecular Biology, National Cancer Institute, and * Laboratory 
of Viral Diseases, National Institute of Allergy and Infectious 
Diseases, National Institutes of Health. Bethesda, Maryland 

Highly active antiretroviral therapy (HAART), which combines multiple inhibitors of es- 
sential human immunodeficiency virus type 1 (HIV-1) enzymes, induces dramatic and sus- 
tained viral load reductions in many people infected with HIV-1, However, reservoirs of 
infected cells capable of producing replication-competent virus persist even after years of 
HAART, preventing elimination of infection. CD4-PE40 and 3B3(Fv)-PE38, chimeric toxins 
designed to target the HIV envelope (Env), represent a complementary class of agents that 
selectively kill productively infected cells. To investigate whether these Env-targeted toxins 
might serve as adjuncts to HAART for the elimination of infected cells, we tested their ability 
to augment HAART efficacy in vivo by using a thy/liv SCID-hu mouse model. CD4-PE40 
and 3B3(Fv)-PE38 markedly enhanced the capacity of HAART to suppress acute HIV-1 
infection and improved HAART-mediated viral load reduction in mice with established HIV- 
1 infection. These results represent the first demonstration of in vivo anti-HIV-1 efficacy for 
Env-targeted toxins and support their potential therapeutic utility in combination with 
HAART. 



on HIV-1 treatment. However, it has become clear that HAART 
does not eradicate HIV-1 infection from the body. Reservoirs 
of cells harboring replication-competent virus persist in blood, 
lymphoid tissue, and the male genital tract even after years of 
treatment [2-7]; moreover, low level HIV-1 replication contin- 
ues in the face of suppressive HAART [4, 8-16]. These persistent 
virus sources are presumed to make major contributions to the 
rapid HIV-1 rebound obsetyed after cessation of therapy 
[17-20] and are therefore considered the major barriers to elim- 
inating infection. 

Hybrid protein toxins designed to target the HIV Env gly- 
coprotein on the surface of productively infected cells are a 
complementary class of anti-HlV agents [21]. Their potent ac- 
tivities result not from blocking of virus replication, but from 
selective killing of infected cells. Such proteins contain an Env- 
binding moiety such as CD4 or an anti-Env antibody, linked 
to the effector domains of a protein toxin such as Pseudomonas 
exotoxin A (PE), ricin, or diphtheria toxin. To date, only 1 
Env-targeted toxin has been tested in human clinical trials: a 
recombinant protein designated CD4-PE40 that contains a re- 
gion of CD4 linked to the translocation and cytotoxic moieties 
of PE [22]. Early studies in vitro indicated highly desirable anti- 
HIV-1 properties, alone and in combination with reverse tran- 
scriptase inhibitors (see [23] for original citations). However, 
disappointing results from phase I trials conducted in the pre- 
HAART era [24, 25] caused this approach to be abandoned. 
With the subsequent development of HAART and the aware- 
ness of the need to eliminate the long-lived infected cell res- 



Highly active antiretroviral therapy (HAART), which com- 
bines multiple inhibitors of essential enzymes of human im- 
munodeficiency virus type 1 (HIV-1), promotes dramatic and 
sustained viral load reductions in plasma and tissues of many 
HIV-l-infected persons [1]. The associated clinical improve- 
ments and reduced death rates have transformed perspectives 
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ervoirs. we recently proposed that the specific cytotoxic activity 
of Env-targeted toxins against HI.V-1 -infected cells warrants 
renewed consideration [23]. We suggested various experimental 
approaches, both in vitro and in vivo, to test the efficacy and 
safety of these agents when used in conjunction with HAART. 
Presently there are no published data showing the in vivo ef- 
ficacy of Env-target toxins, either alone or in combination with 
other antiretrovirals. 

In the present study, we evaluated the capacity of Env-target 
toxins to enhance HAART efficacy in vivo in a mouse model. 
We used SCID mice implanted with human fetal thymus and 
liver tissue under the kidney capsule (thy/1 iv-SCID-hu mice). 
We have previously shown that this model is well suited for 
evaluating the efficacy of different regimens of H AART in vivo, 
in both prevention and treatment modes [26]. Two distinct chi- 
meric toxins were tested: CD4-PE40 and 3B3(Fv)-PE38 [27], 
which is a potent immunotoxin containing the effector portions 
of PE linked to a single-chain Fv from an affinity-enhanced, 
broadly cross-reactive antibody against the CP4-binding region 
of gp 120. Our results reveal the ability of Env-targeted toxins 
to significantly enhance the anti-HIV-1 activity of HAART in 
experimental protocols examining both the prevention of acute 
infection and the treatment of chronic infection. 

Materials and Methods 

Env-targeted toxins and control proteins. CD4-PE40 and sCD4 
(first 2 extracellular domains, amino acids 1--183) were donated by 
Shirley Johnson at Pharmacia-Upjohn, Kalamazoo. MI. The con- 
trol immunotoxin, RFB4(dsFv)-PE38, is directed at the human B 
cell antigen CD22 [28] and is not expected to affect HIV-1 infection. 
We generated sCD4 using mammalian cell expression, and the chi- 
meric toxins were produced using bacterial expression [22, 27]. 

Implantation of human thymic and liver tissue into SCID mice. 
The thy/liv-SCID-hu mice were constructed by implanting human 
fetal thymic and liver tissue obtained from 17-21-gestational-week 
fetuses within 8 h after the elective termination of pregnancy into 
SCID mice (6-8 weeks old) as described elsewhere [26]. Briefly, 
about 10 pieces of syngeneic human fetal thymic and liver tissue 
were implanted under the left and right kidney capsules of SCID 
mice anesthetized with pentobarbital (40-80 mg/kg). The procedure 
was associated with minimal morbidity and mortality and was suc- 
cessful in >95% of the mice, as indicated by a >20-fold increase in 
size of the implanted tissue 3 months later. We used flow cytometry 
to confirm the population of human T cells and monocytes in the 
peripheral blood of these mice; in the mice used for these experi- 
ments, the peripheral blood contained >5% human leukocytes. The 
consent forms and procedures used in this study were reviewed and 
approved by the Albert Einstein College of Medicine Committee 
on Clinical Investigation. 

Infection of thytliv-SCID-hu mice with HIK HIV-1 5,, an R5 
(CCR5-specific, nonsyncytium-inducing) primary isolate, was de- 
rived from peripheral blood mononuclear ceUs (PBMC) by cocul- 
lure with phytohemagglutinin (PHA)-activated donor PBMC [29] 
from a I7-month-old child infected with HIV-1; the virus was ex- 
panded by another round of coculture with PHA-aclivated PBMC 



and then divided into aliquots that were frozen in liquid nitrogen 
(26. 29]. thy/liv-SCID-hu mice were infected by intraperitoneal (ip) 
injection of 8000 TCID50 of the HIV-1 5, in a volume of 500 /xL. 
To control for variability due to the source of donor tissue and 
degree of reconstitution with human cells, we ensured that each 
treatment group contained mice engrafted with the same donor 
tissue and with similar quantities of human cells in their peripheral 
blood. 

Administration of HAART and Env-targeted toxins. We ad- 
ministered HAART to the mice by mixing the indicated drugs with 
powdered animal feed and then adding the mixture to feeding jars 
that were. designed to minimize spillage. The drug dosage for each 
mouse was calculated on the basis of the average oral intake of 5 
g of diet per day (each mouse weighed -25 g). Mice were treated 
with HAART comprised of zidovudine (100 mg kg"' day"'), la- 
mivudine (100 mg kg"' day''), and ritonavir (200 mg kg"' day"') 
or suboptimal HAART (10% of the dose for each HAART drug) 
as described elsewhere [26]. The thy/liv-SCID-hu mice were housed 
singly so that drug consumption could be confirmed by measure- 
ment of the quantity of feed consumed. The Env-targeted toxins 
were administered by ip injection of the indicated dose in PBS in 
5 doses given on alternate days. 

. Titration of HIV-infected mononuclear cells in the hu-thylliv im- 
plant by limiting dilution coculture. The level of HIV-I infection 
in the hu-thy/liv implants was determined by measuring the number 
of HIV-l-infected thymocytes present in a wedge biopsy of the 
implant by quantitative coculture, as described elsewhere [26, 29]. 
Five-fold dilutions of mononuclear cells isolated from the hu-thy/ 
liv implants (range, 1 X 10^-3.2 X 10^ cells) were cultured in quad- 
ruplicate at 37°C in 24-well culture plates with PHA-activated do- 
nor mononuclear cells (I x 10*) in 2 mL of RPMI 1640 containing 
fetal calf serum (10% v/v) and interleukin-2 (32 U/mL). The p24 
antigen content of the culture supernatant was measured 1-2 weeks 
later by means of the HIV- 1 p24 core profile ELISA assay (Dupont- 
NEN, Wilmington. DA). The number of HIV-l-infected thymo- 
cytes in the implants is reported as TCID/10* thymocytes, which 
was calculated by determining the lowest number of added thy- 
mocytes that infected at least half of the quadruplicate cultures 
with HIV-L Productive infection after the addition of the lowest 
number of added thymocytes (320 cells) was scored as 3125 TCID/ 
10* thymocytes. 

Statistical analysis. Statistical significance of the data were 
evaluated by using the Student's t test. 

Results 

Env-targeted toxins enhance capacity of HAART to suppress 
acute HIV-1 infection. We have shown previously that, 
whereas HAART that is initiated immediately after HIV-1 in- 
oculation of thy/liv-SCID-hu mice prevents establishment of 
infection, suboptimal HAART (lO-fold lower doses of the same 
drugs) strongly suppresses HIV-1 levels during the treatment 
period, but does not prevent the subsequent appearance of viral 
load at 1 month after the cessation of treatment [26]. Here, we 
examined the in vivo an ti retroviral effect of Env-targeted toxins 
by determining whether they augmented the activity of subop- 
timal HAART. Thy/liv-SCID-hu mice were infected by ip in- 
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ocuJation of HIV-I„ [29], then immediately started on the in- 
dicated treatment. After 1 month, the effects of the different 
treatments on HIV- 1 infection were determined by quantitating 
HIV- 1 -infected thymocytes in a biopsy of the hu-thy/liv im- 
plants; this method is much more sensitive than measuring 
plasma HIV RNA and can quantitate viral load in HAART- 
treated animals that have no detectable plasma viremia [26]. 
The mice were then taken off therapy, and 1 month later the 
hu-thy/liv implants were biopsied again and analyzed. 

The effects on suboptimal HAART alone or Env-targeted 
toxins alone are shown in figure 1. In contrast to untreated 
mice, in which extensive infection (mean = 2708 TCID/IO** thy- 
mocytes) was detected in the thy/Iiv implants at both 1 and 2 
months after virus inoculation, mice maintained on suboptimal 
HAART did not have detectable HlV-i infection at the end of 
the I'-month treatment period (mean = 0 TCID/10* thymo- 
cytes). However, HIV-1 infection emerged during the 1-month 
period after cessation of therapy (mean = 258 TCID/10* thy- 
mocytes), which is consistent with our previous findings with 
this suboptimal HAART regimen [26]. The Env-targeted toxins 
alone suppressed infection only modestly compared with 
HAART, but the antiretroviral effects \yere significant (for 
CD4-PE40, mean = 975 TCID/10*' thymocytes, 7> = .028; for 
3B3(Fv)-PE38, mean = 292 TCID/10' thymocytes. P = .003). In 
contrast, the mixture of sCD4 plus the control toxin 
RFB4(dsFv)-PE38 did not significantly suppress HIV infection 
in the thy/liv implants (mean = 1875 TCID/IO** thymocytes, 
P = A5), which indicates that the effects seen with the Env- 
targeted toxins resulted from selective killing of infected cells. 

We next examined whether Env-targeted toxins could en- 
hance the efficacy of suboptimal HAART in suppressing acute 
HIV-1 infection in the thy/iiv-SCID-hu mice. As shown in table 
i, the viral loads in the hu-thy/liv implants at 1 month after 
cessation of therapy remained markedly suppressed in the mice 
treated with the combination of lower-dose HAART plus either 
Env-targeted toxin, in contrast to the mice treated mXh HAART 
alone, in which the viral load increased significantly. Again, the 
control proteins sCD4 plus RFB4(dsFv>PE38 did not augment 
the anti-HIV-l activity of HAART. which verified that the ac- 
tivities seen with the Env-targeted toxins reflected specific killing 
of infected cells, not simple neutralization by the CD4 moiety 
or nonspecific toxicity by the PE moiety. Thus, by virtue of 
their specific cytotoxic activities, the Env-targeted toxins ad- 
ministered immediately after HIV-1 inoculation greatly en- 
hanced the capacity of suboptimal HAART to suppress acute 
infection. 

Env-targeted toxins enhance the capacity of HAART to treat 
established HIV-l infection. We have shown previously that 
HAART significantly decreases the level of infection in the hu- 
thy/liv implants of thy/liv SCID-hu mice v/ith established HIV- 
1 infection, but does not eradicate it, as evidenced by the mod- 
erate numbers of residual HIV-1 -infected cells that remain in 
the thymic implants [26]. Therefore, we also used the thy/liv- 



■At end of 1 month troatment period 
^ At 1 month after cessation of treatment 



No treatment (n=6) 




Viral load (TCtD/10 ^thymocytes) 



Figure 1. Effects of suboptimal highly active antiretroviral therapy 
(HAART) or human immunodeficiency virus (HIV) envelope-targeted 
toxins on acute HIV-1 infection in vivo. thy/liv-SCID-hu mice were 
injected intraperitoneally with HIV-l^, (8000 TCIDjp). The mice were 
then left untreated or were immediately started either on suboptimal 
HAART, CD4-PE40. 3B3(Fv)-PE38, or a control mixture of sCD4 plus 
RFB4(dsFv)-PE38 (control toxin); toxins were administered at a total 
dose of 5 ^tg given in 5 equal doses on alternate days beginning at day 
oiie. One month later, the left thy/liv implants were biopsied, and viral 
loads were analyzed by quantitative coculture (dark bars). Drug ther- 
apy was then stopped, and after I month the left thy/liv implant of 
each mouse was rebiopsied and the viral load quantitated f/z^/r/ bars 
). The data are presented as theJTCID/lO* thymocytes, determined by 
limiting dilution coculture; the mean values ( ± SEM) were calculated 
for each treated group. 

SCID-hu mouse system to examine the ability of Env-targeted 
toxins to augment HAART for treating established in vivo HI V- 
I infection. One month after ip inoculation with HIV-l^, the 
baseline level of HI V- 1 infection was determined by quantitative 
coculture of biopsies from the hu-thy/liv implants; the values 
were 3125 TCIDjo/IO* thymocytes for each of the infected mice. 
The mice were then treated with HAART alone. HAART plus 
CD4-PE40. or HAART plus 3B3(Fv)-PE38. After I month of 
treatment, the effects of these therapeutic regimens on HIV 
infection in the treated mice were determined by quantitative 
coculture of repeat biopsies of the hu-thy/liv implants. In the 
untreated mice, the levels of infection in the implants did not 
decrease, remaining at 3125 TC\Y>^\(f thymocytes. By con- 
trast, as shown in table 2. the viral loads in the thy/liv implant 
decreased significantly in the mice treated with HAART alone 
(P < .00 1 ). HAART plus CD4-PE40 {P < .00 1 ), or HAART plus 
3B3(Fv)-PE38 {P<m\). With HAART plus 3B3(Fv)-PE38, 
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Table I. Measurements of virai ioad in thy/liv-SCID-hu mice infected 
with acute human immunodeficiency virus (HIV), showing that HIV 
envelope-targeted toxins enhance the abiHty of suboptimal highly active 
a nti retroviral therapy (HA ART) to suppress acute HIV in vivo. 

Viral load, TCI D/ 10* thymocytes 



At end of Kmo 



1 mo after end 



Treatment (dose), mouse no. 


treatment period 


of treatment 


None 






261-a3 


3125 


3125 


.261.a4 


625 


625 


261-b2 


3125 


3125 


253-b5 


3125 


3125 


259-a2 


3125 


3125 


250-a3 


3125 


3125 


Mean ± SEM 


2708 ± 416 . 


2708 ± 416 


Suboptimal HAART 






25a.b2 


0 


25 


250-b3 


0 


125 


253-b4 


0 


625 


Mean ± SEM 


0 


258 ± 185 


Suboptimal HAART plus: 






CD4-PE40 (50 ng) 






252-a4 


0 


0 


252-a3 


0 


0 


252-b 


0 


0 


Mean 


0 


. 0 


CD4-PE40 (5 Mg) 






261-al 


0 


0 


26I-a5 


1 


5 


265-a3 


0 : 


I 


Mean ± SEM 


0.3 ± 0.2 


2 ± 1.5 


3B3(Fv)-PE38 (50 ng) 






253-33 


0 


0 


253-a4 


0 . 


0 


250-35 


0 


0 


Mean ± SEM 


0 


0 


3B3(Fv)-PE38 (5 ^g) 






261 -c2 


0 


1 


265-a4 


0 


1 


Mean ± SEM 


0 


I ± 0 


sCD4 -»- control toxin (5 ^igf 






258-2 


0 


125 


265-b5 


0 


125 


265-d5 


0 


625 


258-3 


0 


125 


Mean ± SEM 


0 


250 ± 125 



NOTE. The mice were injected intrapcritoneally with HI V-1 „ (8000 TCID„) 
and either not treated or immediately started on trcaUncnt. Dose amounts are 
the total amount of drug administered in 5 equal doses on alternate days begin- 
ning at day 1. 

' RFB4(dsFv)-PE38 (5 /ig), a negative control toxin not expected to affect 
HIV infection. The data arc presented as the TCID/IO* thymocytes, determined 
by limiting dilution coculture. 



the viral load was significantly lower (P=.04) than with 
HAART alone (mean, 10.3 ± 5.7 vs. 91.7 ± 26 JCID/IO^ thy- 
mocytes). This demonstrates that 3B3(Fv)-PE38 can augment 
the antiretroviral activity of HAART for the treatment of es- 
tablished in vivo HIV-I infection. The viral loads in mice treated 
with HAART plus CD4-PE40 were also lower than those 
treated with HAART alone (mean, 51.7 ± 28.7 vs. 91.7 ± 26), 
but the difference was not statistically significant {P = .23). The 
increased in vivo activity of 3b3(Fv)-PE38 is consistent with 



the results of previous in vitro studies, which indicates that 
3b3(Fv)-PE38 has a somewhat greater potency than CD4-PE40 
[27]. 



Discussion 

The findings of this study are the first demonstration that 
Env-targeted toxins have anti-HIV-I activity in vivo. They also 
validate the utility of our thy/liv SCID/hu mouse system for 
evaluating the in vivo efficacy of different anti-HIV multidrug 
regimens. In particular, the emergence of HIV infection after 
the cessation of HAART in these mice provides an in vivo 
system that can be used to examine the additive anti-HIV-1 
effects of various agents used in conjunction with HAART. The 
activities of the toxins were observed in models for both acute 
and established infection. However, although the toxins had 
prominent activity when used in conjunction with HAART, 
they were minimally effective when used alone. These results 
are consistent with 2 of our earlier findings in vitro [23, 30]: 
(1) CD4-PE40 only partially blocks spreading HIV infection, 
and (2) CD4-PE40 displays potent synergistic activity with a 
reverse transcriptase inhibitor; combination treatment com- 
pletely eliminates infectious HIV-1 from cell cultures, an effect 
that was not achievable with either agent alone. The modest 
in vitro and in vivo effects observed with the Env-targeted tox- 
ins alone can be simply explained by their known mechanism 
of action; these agents can exert their anti-HIV activities only 
after Env has been expressed on the surface of the infected cell. 
Thus, complete suppression of virus spread would be expected 
only if the cells are killed before any progeny virions are re- 
leased. Given the complex kinetic parameters governing the 
rates of cell killing versus virion release, it is not surprising that 
the toxins alone fail to completely eliminate the infected cell 
population before some viral spread occurs. Complementary 
effects might be anticipated when the toxins are combined with 
inhibitors of essential HIV replication enzymes because the lat- 
ter agents effectively block subsequent rounds of infection by 
newly released virions but do not attack cells that are already 
infected. In the present in vivo experiments, suboptimal 
HAART was strongly augmented by CD4-PE40, but not by 
the control niixture of sCD4 plus an irrelevant PE-based toxin. 
This finding verifies that the complementary activity of the Env- 
targeted toxin was indeed due to selective killing of the HIV- 
infected cells. However, we cannot rule out the possibility that 
other anti-HIV agents with entirely different modes of action 
might also show complementary activities with the suboptimal 
HAART regimen. 

The present studies are the beginning of a new effort to assess 
the clinical potential of complementing HAART with Env-tar- 
geted toxins, as proposed elsewhere [23], The toxins used could 
be those examined in this report or similar agents developed 
by other investigators [2 1 ]. This modality could possibly be used 
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Table 2. Measurements of viral load in ihy/liv-SCID-hu mice infected 
with human immunodeficiency virus (HIV) showing that HIV envelope 
(Env)-targeted toxins enhance the ability of highly active antiretrovirat 
therapy (HAART) to suppress established HIV- 1 infection in vivo. 

Viral load, TCI D/ 10' thymocytes 



1 mo after infection, After I mo 

Treatment, mouse no. before treatment of treatment 



None 






253-b5 


3125 


3125 


259-a2 


3125 


3125 


250-a3 


3125 


3125 


Mean ± SEM 


3125 ± 0 


3125 ± 0 


High-dose HAART 






255-C4 


3125 


125 


255-C5 


3125 


125 


255-C6 


3125 


25 


Mean ± SEM 


3125 ± 0 


91.7 ± 26 


High-dose HAART plus: 






. CD4-PE40 






255-C2 


3125 


25 


. 255-cI 


3125 


125 


255-b6 


3125 


5 


Mean ± SEM 


3125 ± 0 


51.7 ± 28.7 


3B3(Fv)-PE38 






255-b2 


3125 


5 


255-a4 


3125 


25 


255-a3 . 


3125 


1 


Mean ± SEM 


3125 ± 0 


10.33 ± 5.7 



NOTE. The mice were injected intrapcritoneally with HIV-1„ (8000 TClDjo). 
Env-target toxin was administered at a total dose of 50 ng, given in 5 doses on 
alternate days starting 3 weeks after the initiation of HAART. 



to prevent the establishment of persistent HIV-1 infection in 
individuals presenting soon after HIV-1 exposure (e.g., new- 
boms of ipfected mothers; postexposure prophylaxis). More- 
over, Env-targeted toxins may serve to help eliminate reservoirs 
of infected cells that persist after years of HAART; these res- 
ervoirs include latently infected resting CD4'' memory T cells 
in the drculation and lymphoid tissue (26], blood and lymphoid 
cells responsible for the virus replication that persists after 
HAART [4, 8-16], and perhaps other cell types and tissue com- 
partments that are refractory to HAART [7]. 

Latently infected cells are a particularly difficult problem. It 
has been proposed that the latent reservoirs may be flushed out 
by deliberate treatment with agents that activate latently in- 
fected cells [4]. Indeed, supplementing HAART with intermit- 
tent IL-2 therapy has been shown to significantly reduce the 
pool of latently infected resting CD4* T cells in blood and 
lymph nodes [31]. However, the IL-2 treatment had negligible 
effect on the viral load rebound after cessation of therapy [19]. 
.We propose that in such protocols, the Env-targeted toxins may 
effectively kill the newly activated cells, because these cells 
should be induced to express surface Env. However, we note 
that the toxins will be beneficial only if they accelerate the 
natural mechanisms governing the decline of persistent virus- 
producing cells (i.e., intrinsic cellular decay rates, viral cyto- 
pathic effects, and immune effector mechanisms such as cy- 
totoxic T cells). 



Another critical issue for using Env-targeted toxins in con- 
junction with HAART is the dose-limiting hepatotoxicity ob- 
served with CD4-PE40 in eariier phase I trials. This problem 
is perplexing for several reasons. First, dose-limiting hepato- 
toxicity was observed in HIV-l-infected people (maximum tol- 
erated dose [MTD] 10 /xg/kg, [24, 25]) but was not seen in 
preclinical toxicology studies with uninfected rodents and non- 
human primates (MTD 250 Mg/l^g; unpublished results). Sec- 
ond, in recent phase I trials for tumor therapy, different PE- 
based immunotoxins have been well tolerated, and significant 
antitumor activity was observed at tolerable doses (20-40 ng/ 
kg) without serious hepatotoxicity ([32]; R. Kreitman, L. Pai- 
Scherf, and L Pastan, unpublished results). Thus, the dose- 
limiting hepatotoxicity previously observed with CD4-PE40 ap- 
pears to be unique to the use of this chimeric toxin in HIV-l- 
infected individuals. We have suggested [23] that this problem 
may have resulted from the high viral loads in subjects treated 
in the pre-HAART era. Specifically, we proposed that soluble 
gpl20 shed from virions or infected cells would bind to cir- 
culating CD4-PE40; the resulting complexes would be delivered 
to the liver by several mechanisms. If this notion is valid, then 
hepatotoxicity should not pose a problem under conditions of 
HAART-mediated. virus suppression. Alternatively, if the hep- 
atotoxicity is a unique feature of CD4^PE40 in humanSi then 
immunotoxins such as 3b3(Fv)-PE38 should not be problem- 
atic, particularly in view of the absence of seyere hepatotoxicity 
with other PE-based antitumor immunotoxins in phase I trials, 
as noted earlier. The in vivo results presented here provide an 
impetus for diverse lines of experimentation, both for in vitro 
and animal models, to evaluate these critical issues. Such efforts 
may help pave the way for effective clinical efforts to eradicate 
HIV-1 infection from the body. 
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Mapping by monoclonal antibody detection of 
glycosaminoglycans in connective tissues. 

Couchman JR, Caterson B, Christner JE, Baker JR. 

Chondroitin sulphate proteoglycans are widespread connective tissue 
components and chemical analysis of cartilage and other proteoglycans has 
demonstrated molecular speciatiori involving the degree and position of 
sulphation of the carbohydrate chains. This may; in turn, affect the 
properties of the glycosaminoglycan (GAG), particularly with respect to 
self-association and interactions with other extracellular matrix components. 
Interactions with specific molecules from different connective tissue types, 
such as the coUagens and their associated glycoproteins, could be favoured 
by particular charge organizations on the GAG molecule endowed by the 
sulphate groups. So far, it has not been possible to identify and map 
chondroitins of differing sulphation in tissues, but we have now raised three 
monoclonal antibodies which specifically recognize unsulphated, 4- 
sulphated and 6-sulphated chondroitin and dermatan sulphate. These 
provide novel opportunities to study the in vivo distribution of chondroitin 
sulphate proteoglycans. We demonstrate that chondroitin sulphates exhibit 
remarkable connective tissue specificity and fiirthermore provide evidence 
that some proteoglycans may predominantly carry only one type of 
chondroitin sulphate chain. 
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Contributed by Richard A. Lerner, August 22, 1991 

ABSTRACT A panel of human monoclonal antibody Fab 
fragments has been generated against the surface glycoprotein 
gpl20 of type 1 human immunodeficiency virus (HIV) by 
antigen selection from a random combinatorial library ex- 
pressed on the surface of filamentous phage. The library was 
prepared from 5 ml of bone marrow from an asymptomatic 
individual who has been HIV-positive for 6 years. The anti- 
bodies have high affinity for antigen (mostly with affinity 
constants of >10* M~^) and notable sequence diversity. Given 
appropriate donor selection^ the methods described should 
allow the generation of antibodies for the evaluation of passive 
Immunization as a therapy for AIDS. 



Counter-AIDS strategies that are under intensive scrutiny 
include passive immunization to slow or halt the progression 
of human immunodeficiency virus (HIV) infection in sero- 
positive individuals and vaccination to prevent infection. 
Both approaches could greatly benefit from the generation of 
large numbers of human HIV-specific monoclonal antibod- 
ies. 

There is increasing evidence that passive immunization 
could be an effective strategy for the treatment and prophy- 
laxis of the disease. Two groups have reported clinical benefit 
in patients with AIDS who were given plasma from healthy 
asymptomatic HIV-positive donors (1, 2). In the former case 
the plasma was known to contain high anti-HIV neutralizing 
titer. Two other groups have described a correlation between 
the presence of maternal antibodies against select epitopes of 
viral envelope glycoprotein gpl20 and the failure of infected 
mothers to transmit the virus to their offspring (3-5). The 
appropriate passively transferred antibodies have also been 
shown effective in preventing HIV infection in chimpanzees 
(6) and in preventing HIV-2 and simian immunodeficiency 
virus (SIV) infection in cynomolgus monkeys (7). 

Although many murine and a few human antibodies to HIV 
exist (for a recent review, see ref. 8), a broad-based program 
to evaluate the utility of antibodies in combatting HIV 
infection will likely require the facile generation of large 
panels of human anti-HIV antibodies. There are a number of 
reasons for this. First, the antibodies would need to be 
administered repeatedly over an extended period of time and 
so should not only be human to avoid anti-antibody (typically 
anti-rodent) responses but also be available in a number of 
idiotypic forms with retention of activity to avoid anti- 
idiotypic responses. Second, the broad spectrum of vira! 
strains means that the generation of single or even small 
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numbers of monoclonal antibodies against the virus is un- 
likely to suffice. Third, it may be necessary to examine many 
antibodies to find rare but highly effective molecules. Anti- 
bodies could be rare either because they are present as minor 
components of typical responses or because they are present 
in only a few individuals. 

Similariy. the study of large numbers of human antibodies 
should accelerate vaccine design. Recent yaccination data in 
nonhuman primates have shown the development of protec- 
tive immunity against HIV-1 in chimpanzees vaccinated with 
recombinant gpl20 (9) and against HIV-2 in cynomolgus 
monkeys vaccinated with whole killed virus (10). These 
studies raise a number of important issues. For instance, the 
former report found that gpl60, which includes the fiill gpl20 
molecule, was not protective. Given that antibodies are 
believed to be key in protective immunity (9), the molecular 
dissection of human antibody responses to HIV should allow 
assessment of the utility of protective epitopes in the context 
of the natural host. 

Conventional technologies for antibody generation, such 
as hybridomas and Epstein-Barr virus transformation (11), 
cannot readily meet the challenge of assessing large numbers 
of human monoclonal antibodies from HIV-infected individ- 
uals at various stages of their clinical course. Our approach 
to the problem has been to prepare random combinatorial 
libraries. Initially, antigen binders were selected from librar- 
ies constructed using phage A vectors (12). This method 
worked well for immunized mice (12, 13) and for "boosted" 
humans (14, 15). but we were unable to prepare specific 
antibodies from HIV-infected individuals. Recent papers 
have described the expression of random combinatorial an- 
tibody libraries on the surface of M13 phage and have shown 
how this allows much more rapid selection of specific anti- 
bodies from larger libraries (16. 17). Here we report that this 
method can be used to generate large panels of specific viral 
antibodies from the lymphocytes of HIV-positive individu- 
als. H 

MATERIALS AND METHODS 

Lymphocyte RNA Preparation. Five milliliters of bone 
marrow was removed by aspiration from HIV-l-positive 
donors. Immediately, 10 ml of 3 M guanidinium isothiocya- 
nate containing 71 /tt of 2-mercaptoethanol was added and 
then RNA was prepared by the standard method (18). 



Abbreviations: BSA, bovine semm albumin; CDR, complementar- 
ity-delermining region; HIV, human immunodeficiency virus. 
IiThe sequences reported in this paper have been deposited in the 
GcnBank data base (accession nos. M80715-M80734). 
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Library Construction. Total RNA (typically 10 /itg) was 
reverse-transcribed and y\ (Fd region) and k chains were 
amplified by PGR as described (14). The resulting y\ heavy- 
chain DN A was cut with an excess of the restriction enzymes 
Xho I and Spe I and typically about 350 ng was ligated with 
2 /x,g of Xho l/Spe I-linearized pCombS vector (isolated by 
agarose gel electrophoresis) in a total volume of 150 /tl with 
10 units of ligase (BRL) at 16**C overnight. Following ligation. 
DNA was precipitated at -20°C for 2 hr by the addition of 2 
fi\ of 2% (wt/vol) glycogen, 15 ^1 of 3 M sodium acetate (pH 
5.2), and 330 /tl of ethanol. DNA was pelleted by microcen- 
trifugation at 4°C for 15 min. The DNA pellet was washed 
with cold 70% ethanol and dried under vacuum. The pellet 
was resuspended in 10 /il of water and transformed by 
electroporation into 300 ftl of Escherichia coli XLl-Blue 
(16). After transformation, 3 ml of SOC medium (16) was 
added and the culture was shaken at 220 rpm for 1 hr at 37°C 
after which 10 ml of SB (super broth; 30 g of tryptone, 20 g 
of yeast extract, and 10 g of Mops per liter, pH 7) containing 
carbenicillin (20 Mg/ml) and tetracycline (10 /ig/ml) was 
added. At this point, samples (20, 1, and 0.1 ftl) were 
withdrawn for plating to determine the library size. Typically 
the library had about 10^ members. The culture was grown for 
an additional hour at 37T while shaking at 300 rpm. This 
culture was added to 100 ml of SB containing carbenicillin (50 
/Ag/ml) and tetracycline (10 fig/m\) and was grown overnight. 
Phagemid DNA containing the heavy-chain library was pre- 
pared from this overnight culture. To determine the insert 
frequency of this ligation, 10 colonies from the plates used to 
titer the library were picked and grown. DNA was prepared 
and then digested with Xho I and Spe I. 

For the cloning of the light chain, phagemid DNA (10 /ig) 
was digested as described above except that the restriction 
enzymes Sac I and Xba I were used. The resulting linearized 
vector was treated with phosphatase and purified by agarose 
gel electrophoresis. The desired fragment, 4.7 kilobases long, 
was excised from the gel. Ligation of this vector with 
prepared light-chain PGR DNA proceeded as described 
above for the heavy chain. After transformation. 3 ml of SOG 
medium was added and the culture was shaken at 220 rpm for 
1 hr at 37X. Then 10 ml of SB containing carbenicillin (20 
/tg/ml) and tetracycline (10 fig/m\) was added (samples were 
removed for titering as described above for the heavy-chain 
cloning) and the culture was shaken at 300 rpm for an 
additional hour. This culture was added to 100 ml of SB 
containing carbenicillin (50 fig/m\) and tetracycline (10 /ig/ 
ml) and then shaken for 1 hr. Helper phage VCS-M13 (10^^ 
plaque-forming units) was added and the culture was shaken 
for an additional 2 hr. After this time, kanamycin (70 /tg/ml) 
was added and the culture was incubated at 37°C overnight. 
The supernatant was cleared by centrifugation (4000 rpm for 
15 min in a JA-10 rotor) at 4°C. Phage were precipitated by 
addition of 4% (wt/vol) polyethylene glycol 8000 and 3% 
(wt/vol) NaCI followed by incubation on ice for 30 min and 
centrifugation. Phage pellets were resuspended in 2 ml of 
phosphate-buffered saline (PBS: 50 mM phosphate, pH 7.2/ 
150 mM NaCI) and microcentrifuged for 3 min to pellet 
debris. Supernatants were transferred to fresh tubes and 
stored at -20T. 

Titering of Colony-Forming Units. Phagemids that have 
been packaged into virions are capable of infecting male E. 
coli to form colonies on selective plates. Phage (packaged 
phagemid) was diluted in SB (dilutions: 10"^ 10"*, and 10"®) 
and 1 was used to infect 50 fx\ of fresh E. coli XLl-Blue 
culture (ODfioo = 1) grown in SB containing tetracycline (10 
/ig/ml). Phage and cells were incubated at room temperature 
for 15 min and then directly plated on LB/carbenicillin 
plates. 

Panning of the C mbinatorial Library t Select Antigen 
Binders. The panning procedure is a modification of that 
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originally described by Parmley and Smith (19). Four wells of 
a microtiter plate (Gostar 3690) were coated overnight at 4°G 
with 25 /tl of antigen (40 ^g/m\ in 0.1 M bicarbonate buffer. 
pH 8.6). The wells were washed twice with water and blocked 
by completely filling the well with 1% (wt/vol) bovine serum 
albumin (BSA) in PBS and incubating the plate at 3TC for 1 
hr. Blocking solution was shaken out, 50 /tl of the phage 
library (typically 10" colony-forming units) was added to 
each well, and the plate was incubated at 37**C for 2 hr. Phage 
were removed and the plate was washed once with water. 
Each well was then washed 10 times with 50 mM Tris-HCl, 
pH 7.5/150 mM NaCl/0.5% Tween 20 over a period of 1 hr 
at room temperature. The plate was washed once more with 
distilled water and adherent phage were eluted by the addi- 
tion of 50 Ail of elution buffer (0.1 M HCl, adjusted to pH 2.2 
with solid glycine and containing 0.1% BSA) to each well and 
incubation at room temperature for 10 min. The elution buffer 
was pipetted up and down several times, removed, and 
neutralized with 3 /xl of 2 M Tris base per 50 /il of elution 
buffer used. Eluted phage were used to infect 2 ml of fresh £. 
coli XLl-Blue cells (OD^oo = 1) for 15 min at room temper- 
ature after which 10 ml of SB containing carbenicillin (20 
Mg/ml) and tetracycline (10 /ig/ml) was added. Samples (20, 
1. and 0.1 /il) were removed for plating to determine the 
number of phage (packaged phagemids) that were eluted from 
the plate. The culture was shaken for 1 hr at 37*C and then 
added to 100 ml of SB containing carbenicillin (50 /ig/ml) and 
tetracycline (10 /ig/ml) and shaken for 1 hr. Helper phage 
VCS-M13 (10^^ plaque-forming units) were added and the 
culture shaken for an additional 2 hr. Then kanamycin (70 
/ig/ml) was added and the culture was incubated at 3TC 
overnight. Phage preparation and further panning were re- 
peated as described above. 

Following each round of panning, the percent yield of 
phage was determined as (no. of phage eluted/no. of phage 
applied) x 100. 

Preparation of Soluble Fab Fragments. Phagemid DNA 
from positive clones was isolated and digested with Spe I and 
Nhe I. Digestion with these enzymes produces compatible 
cohesive ends. The 4.7-kiIobase DNA fragment lacking the 
gene III portion was gel-purified (0.6% agarose) and self- 
ligated. 

Transformation of £. coli XLl-Blue afforded the isolation 
of recombinants lacking the gene III fragment. Clones were 
examined for removal of the gene III fragment by Xho l/Xba 
I digestion, which yielded a 1.6-kilobase fragment. Clones 
were grown in 15 ml of SB containing carbenicillin (50 /ig/ml) 
and 20 mM MgC^ at 37**C until OD^ of 0.2 was achieved. 

Isopropyl j3-D-thiogalactopyranoside (1 mM) was added 
and the culture was incubated overnight at 37T. Cells were 
pelleted by centrifugation at 4000 rpm for 15 min in a JA-10 
rotor (Beckman J2-21) at 4'*C. Cells were resuspended in 3 ml 
of PBS containing 0.2 mM phenylmethylsulfonyl fluoride and 
lysed by sonication on ice (2-4 min, 50% duty). The debris 
was pelleted by centrifugation at 14,000 rpm in a JA-20 rotor 
at 4*C for 15 min. The supernatant was used directly for 
ELISA analysis and was stored at -20'*C. 

ELISA Analysis of Fab Supernatants. ELISA wells were 
coated with gpl20 exactly as above, washed five times with 
water, blocked in 100 /il of 1% BSA/PBS for 1 hr at 37*C. and 
then incubated with 25 /il Fab supernatants for 1 hr at 37T. 
After 10 washes with water, 25 /il of a 1:1000 dilution of 
alkaline phosphatase-conjugated goat anti-human IgG F(ab')2 
(Pierce) was added and incubated for 1 hr at 37"'C. Following 
10 washes with water, 50 /il of p-nitrophenyl phosphate 
substrate was added and color development was fnonitored at 
405 nm. Positive clones gave A405 values of >1 (mostly >L5) 
after 10 min, whereas negative clones gave values of 0.1-0.2. - 

Inhibition ELISAs. Affinity measurement was carried out 
by inhibition ELISAs (20). Microtiter wells were coated with 
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gpl20 (5 Mg/ml in 0.1 M bicarbonate buffer, pH 8.6) overnight 
at 4**C. The wells were blocked with 1% BSA/PBS for 1 hr at 
ZTC Dilutions of the samples previously determined in 
titration experiments to result in substantial reduction of OD 
values after 2-fold dilution (i.e., arranged on the **slope" of 
the titration curve) were mixed with free gpl20 in the wells 
at a final concentration of 10''' to 10"" M in 0.5% BSA/ 
0.025% Tween 20/PBS. The plates were incubated for 90-120 
min at 37**C and carefully washed 10 times with 0.05% Tween 
20/PBS before addition of goat anti-human IgG F(ab')2 at a 
dilution of 1:500. After 1 hr of incubation and washes as 
above, p-nitrophenyl phosphate was added as substrate (Sig- 
ma). Plates were read at 405 nm after 15 min. 

Nucleic Acid Sequencing. Nucleic acid sequencing was 
carried out on double-stranded DNA with Sequenase 1.0 
(United States Biochemical). 

RESULTS AND DISCUSSION 

Previously work has shown that the antibody phage surface 
expression system can be successfully used to isolate specific 
antibodies occurring in a combinatorial library at a frequency 
of about 1 in 5000 (16). Two rounds of antigen panning of a 
library prepared from an individual boosted with tetanus 
toxoid were sufficient to enrich the library to the extent that 
27 out of 38 clones expressed tetanus toxoid-specific anti- 
body following panning. In other studies a library was 
prepared that included known anti-tetanus toxoid antibody 
clones at a frequency of about 1 in 170,000. Three rounds of 
panning against toxoid were found to give enrichment such 
that 20/20 clones were antigen-specific, indicating that the 
method could access clones of low abundance from combi- 
natorial libraries. This improved methodology for screening 
combinatorial libraries encouraged us to return to the HIV 
problem. 

Libraries from a number of asymptomatic HIV positive 
donors have been prepared. We report now on the first donor 
studied, a 3 1-y ear-old homosexual male who has been HIV- 
positive for 6 years but has no symptoms of disease. Sero- 
logical studies showed the presence of a significant ELISA 
titer (1:3000) against the HIV-1 surface glycoprotein gpl20. 
After informed consent was given by the donor, bone marrow 
cells were obtained by aspiration. RNA was isolated from the 
lymphocytes and heavy (yl, Fd region)- and light (K)-chain 
genes amplified from the corresponding cDNAs by the PGR. 
The antibody genes were then cloned into the M13 phage 
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Fig. 1. Amino acid sequences of heavy- and light-chain complemenlarity-determining region 3 (CDR3) from HIV gpl20-binding clones. The 
flanking sequences of the framework regions FR3 and FR4 are also shown. 



surface expression vector pComb3 to give a library of 10^ 
members. 

The phage surface expression library was panned against 
recombinant gpl20 (strain IIIB) coated on ELISA wells. Four 
rounds of panning produced an ^^^lOO-fold amplification in 
eluted phage, indicating enrichment for specific antigen- 
binding clones. In the first panning, 4.6 x 10" phage were 
applied to four wells and 7.7 x 10^ phage were eluted. After 
the fourth panning 1.0 x 10® phage were eluted. Eluted phage 
were used to infect E. coli XLl-Blue cells. DNA was pre- 
pared from these cells, cut with Nhel and Spe I to remove 
the gene III fragment, and religated. The reconstructed 
phagemid was used to transform XLl-Blue cells to produce 
clones secreting soluble Fab fragments. Forty such clones 
were grown up and the. supematants, containing Fab frag- 
ments, were screened in an ELISA for reactivity with re- 
combinant gpl20. The supematants from 33 clones showed 
clear reactivity. The supematants did not react with BSA- 
coated wells, and anti-tetanus toxoid Fab supematants did 
not react with gpl20-coated wells. 

DNA samples from the reactive 33 clones were used as 
templates for sequencing of thymidine nucleotides of the 
variable regions of the heavy and light chains to reveal that 
at least 10 clones had unique heavy chains and 20 clones 
unique light chains. A representative number of chains were 
then sequenced. Fig. 1 compares the CDR3 sequences of 
these heavy and light chains and indicates tjie diversity of the 
panel of antibodies cloned. The details of the response to 
gpl20 will be discussed elsewhere. Here we briefly note that 
clones identical with respect to heavy-chain CDR3 but dif- 
fering in light-chain CDR3 sequences (e.g., nos. 14 and 31) 
were observed, as well as clones that were identical in both 
chains (e.g., nos. 11 and 29). The former is an example of 
chain promiscuity, which may be useful in altering idiotypy 
while retaining specificity (21). 

To measure the affinities of the Fab fragments for gpl20, 
inhibition ELISAs using soluble gpl20 were performed. As 
shown in Fig. 2, most inhibition constants were <10"* M, 
implying monomer Fab-gpl20 binding constants of the order 
of or greater than 10* M"^ 

The gpl20 used in these experiments was derived from the 
IIIB strain for reasons of availability. However, this strain is 
thought to be very rare in the United States (22) and therefore 
it is likely that most of the antibodies we have selected are 
strain-crossreactive. Indeed, initial studies indicate that the 
binding of a number of the Fab fragments to gpl20 is inhibited 
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Fig. 2. AfTinities of Fab fragments for gpl20, estimated by 
inhibition ELISA for 15 different clones. 

by soluble CD4, suggesting that they may recognize the CD4 
interaction site. 

The phage surface library was also panned against the HIV 
glycoprotein gpl60. After four rounds of panning a 200-fold 
enrichment was observed. Supematants containing soluble 
Fab fragments were then screened in an ELISA against gpl60 
and gpl20. Of 35 clones reacting with gpl60, 8 reacted also 
with gpl20. The remainder are likely to be against gp41 or 
epitopes on gpl20 that are sensitive to the presence of gp41. 
Screening against gp41 peptides may be useful in distinguish- 
ing these possibilities. 

For generation of the present library, we have focused only 
on antibodies from the major heavy-chain variable-region 
subgroup families and k light chains. Yet, from only 5 ml of 
bone marrow we have been able to obtain a large panel of 
high-affinity antibodies against HIV. This study, along with 
several others (12-16, 23), stands in contrast to theoretical 
arguments that the chances of isolating high-affinity antibod- 
ies from random combinatorial libraries were "remote" (24). 
As previously pointed out (15), the fact that libraries are 
constructed from immunologically amplified mRNA and not 
DNA is a crucial fact in any calculations concerning the 
probability of obtaining the original pairings of heavy and 
light chains. Immunized animals give libraries rich in func- 
tional chains that are recombined with one another relatively 
frequently to generate high-affinity antibodies, many of 
which probably represent the original in vivo pairings. In a 
real sense, by its sensitivity to mRNA. the combinatorial 
approach is reporting on the current antibody response of the 
donor. 

The sensitivity of the method in combination with cell 
enrichment techniques should also allow us to draw upon the 
"fossil record" of the antibody response of an individual. 
This may be important in situations where immunological 
competence has deteriorated such as in AIDS or aging. For 
example, in AIDS we may wish to resurrect antibodies from 
different times in the host-vims encounter, for either ana- 
lytical or therapeutic purposes (25). 

At any rate, after addition of the Fc region, human anti- 
bodies from combinatorial libraries could form the basis of 
clinical trials of the efficacy of passive immunization in 
AIDS. While the present studies constitute a proof of prin- 
ciple, for trials of passive immunization in patients it will be 
necessary to decide what donor(s), how many antibodies, and 
which specificities should be used. 
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mutations (DDPAC (2 brains), ManF23 and AusI) and 3 were from families 
with the P301L point mutant (FTD003 (2 brains) and HFTDl). Reverse 
transcription was performed using the Superscript preamplification kit (Life 
Technologies) on I -4 p,g of brain K JA with an oligo(dT) primer. PGR was 
performed between exon 9 (forward, 5'-ATCGCAGCGGCTACAGCAG-3') 
and exon 11 (reverse, 5'-TGGTTTATGATGGATGTTGCC-3') and between 
exon 9 and exon 13 (reverse 5'-TCTTGGCTTTGGCGTTCTC-3'). In each case, 
the 5' end of the forward amplification primer was labelled with TET (Perkin 
Elmer) to allow detection by an ABI377 automated sequencer. Preliminary 
PCRs (not shown) were performed using a range of amplification cycles (18- 
37) to determine the optimum number of cycles for this analysis. Based on 
these results, we used 32 cycles in subsequent experiments. After amplification, 
PGR products were analysed on an ABI377 automated sequencer (Perkin 
Elmer) where they resolved into two major fragments (327 and 418 bp, exons 
9-11; 487 and 578 bp, exon 9-13) corresponding to tau transcripts with and 
without exon 10. The identity of each band was confirmed by sequence analysis. 
The molar ratio of exon 10* to exon 10" RNA was determined using Genescan 
software. Three independent PGRs (for both exons 9-11 and 9-13) were used 
to determine the mean and s.d. of the ratio for each brain. Results (not shown) 
were essentially identical when exon 10*'~ ratios were estimated by 
densitometric analysis of PGR products on agarose gels using a Kodak 
DC120 camera kit and ID Image Gel densitometry software. 
Exon-trapplng analysis of exon-10 splicing. Mutant and wild-type versions 
of tau exon 10 were amplified from the DNA of patients with each of the three 
different splice mutations (+13, +14 and +16) and from normal individuals. 
PGR products contained exon 10 and —40 bp of flanking intron sequence at 
either end. PGR products were cloned into the splicing vector pSPL3b using 
Xhol and Pstl sites incorporated into the amplification products. Mutant and 
wild-type constructs were identified by sequence analysis. For exon trapping, 
the exon-trapping system of Life Technologies was used. Briefly, GOS -7 cells 
were transfected in duplicate with i fig each construct using iLipofectAGE 
reagent (Life Technologies). Gells were collected 24h.postTtransfection and 
RNA prepared using the Trizol reagent (Life Technologies), First-strand 
synthesis and nested PGR were done using reagents supplied with the system 
and conditions described in manufaaurer*s. instructions, except that BstXi 
digestion of primary PGR products was excluded. To verify that the RT-PGR 
was quantitative, different amounts of primary PGR template ( I -5 jil) were 
used and the total number of amplification cycles was varied (30-35 cycles). 
PGR products were analysed on 3% Metaphore (FMG) gels. RT-PGR products 
(Fig. 3) had their identities confirmed by sequencing. 
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The human immunodeficiency virus HIV-1 establishes persistent 
infections in humans which lead to acquired immunodeficiency 
syndrome (AIDS). The HIV-1 envelope glycoproteins, gpl20 and 
gp41, are assembled into a trimeric complex that mediates vims 
entry into target cells^ HlV-1 entry depends on the sequential 
interaction of the gpl20 exterior envelope glycoprotein with the 
receptors on the cell, CD4 and members of the chemokine 
receptor family^"*. The gpl20 glycoprotein, which can be shed 
from the envelope complex, elicits both virus-neutralizing and 
non-neutralizing antibodies during natural infection. Antibodies 
that lack neutralizing activity are often directed against the gpl20 
regions that are occluded on the assembled trimer and which are 
exposed only upon shedding^"*. Neutralizing antibodies, by con- 
trast, must access the functional envelope glycoprotein complex^ 
and typically recognize conserved or variable epitopes near the 
receptor-binding regions*"* *. Here we describe the spatial organization 
of conserved neutralization epitopes on gpl20, using epitope 
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maps in conjunction with the X-ray crystal structure of a ternary 
complex that includes a gpl20 core, CD4 and a neutralizing 
antibody ^ A large fraction of the predicted accessible surface of 
gpl20 in the trimer is composed of variable, heavily glycosylated 
core and loop structures that surround the receptor-binding 
regions. Understanding the structural basis for the ability of 
HlV-1 to evade the humoral immune response should assist in 
the design of a vaccine. 

The amino-acid sequence of human and simian immunodefi- 
ciency virus gpl20 glycoproteins consists of five variable regions 
(VI -V5) interposed among mc:e conserved regions'^. Variable 
regions VI -V4 form exposed loops anchored at their bases by 
disulphide bonds'\ 

Neutralizing antibodies recognize both variable and conserved 
gpl20 structures. The V2 and V3 loops contain epitopes for strain- 
restricted neutralizing antibodies'^"'^. More broadly neutralizing 
antibodies recognize discontinuous, conserved epitopes in three 
regions of the gpl20 glycoprotein (Table 1). In HIV- 1 -infected 
humans, the most abundant of these are directed against the CD4- 
binding site {CD4BS) and block gpl20-CD4 interaction*''^ Less 
common are antibodies against epitopes induced or exposed upon 
CD4 binding (CD4i)'^ Both CD4i and V3 antibodies disrupt the 
binding of gpl20-CD4 complexes to chemokine receptors A 
third gpl20 neutralization epitope is defined by a unique mono- 
clonal antibody, 2G12 (ref. 19), which does not efficiently block 
receptor binding". 

In the accompanying Article'^ we report the X-ray crystal; 
structure of an HIV-1 gpl20 core in a ternary complex with two- 
domain soluble CD4 and the Fab fragment of the CD4i antibody 
17b. The gpl20 core lacks the VI A^2 and V3 variable loops, as well 
as amino- and carboxy- terminal sequences, which interact with the 
gp41 glycoprotein^, and is enzymatically deglycosylated'^-^". Despite 
these modifications, the gpl20 core binds CD4 and antibodies 
against CD4BS and CD4i epitopes^***^' and thus retains structural 
integrity. The gpl20 core is composed of an jnner domain, an outer 
domain and a third element, the 'bridging sheet*'^ (Fig. la). All three 
structural elements contributei either directly or indirectly, to CD4 
and chemokine-receptor binding I We now analyse the organiza- 
tion of the surface of the gp l20 core in light of the known antibody 
responses directed against this exposed viral glycoprotein. 

Although generally well conserved compared with the five vari- 
able regions, some variability in the surface of the gpl20 core is 



evident when the sequences of aU primate immunodeficiency 
viruses are analysed. This variability is disproportionately asso- 
ciated with the surface of the outer domain proximal to the V4 and 
V5 regions and removed firom the receptor-binding regions (Fig. 
la-c). The XA, XC, XD and LE surface loops contribute to the 
variability of this surface. The potential N-linked glycosylation sites 
present in the gpl20 core are concentrated in this variable half of the 
protein (Fig. lb, c). The only conserved residues apparent on .this- 
relatively variable surface are asparagine 356 and threonine/serinet; 
358, which constitute a complex carbohydrate addition:site;;within 
theXE loop (Fig. lb, c). As most carbohydrate moieties may appear 
as *seir to the immune system, the extensive glycosylation of the 
outer domain surface may render it less visible to immune surveil- 
lance. This helps to explain why antibodies directed against this 
gpl20 surface have been identified so infrequently. 

The receptor-binding regions retaineddn^the gpl20 core are weU 
conserved among primate immunodeficiency viruses'^. Also highly 
conserved is the surface of the inner domain spanned by the al 
helix and located opposite, the variable surface described above 
(Fig. Id). This surface is likely to interact with gp41 and/or with N- 
terminal gpl20 segments absent from the gpl20 core. This inner 
domain surface and the receptor-binding regions are devoid of 
glycosylation. 

In conjunction with prior mutagenic and antibody competition 
analyses^*****"^^'^^ the gpl20 core structure reveals the spatial 
positioning of the conserved gpl20 neutralization epitopes. 
Although the principal variable loops are either absent {VlfVl 
and V3) or poorly resolved (V4) in the gpl20 core structure, their 
approximate positions can be deduced (Fig. 2a). The conserved 
gpl20 neutralization epitopes are discussed in relation to these 
variable loops and the variable, glycosylated core surface. 
CD4i epitopes. The gpl20 epitope recognized by the CD4i antibody 
17b can be directly visualized in the crystallized ternary complex'^ 
(Fig. 2b, c). Strands firom the gpl20 fourth conserved (C4) region 
and the VW2 stem contribute to an antiparallel p -sheet (the 
'bridging sheet*; Fig. la) that contacts the antibody. Most gpl20 
residues previously implicated in the formation of the CD4i 
epitopes'* (Table 1) are located either within this p-sheet or in 
nearby structures. With the exception of Thr202 and Met 434, the 
gpl20 residues in contact with the 17b Fab are highly conserved 
among HFV-l isolates (Figs Ic, 2a). The prominent ('male') CDR3 
loop of the 17b heavy chain dominates the contacts with gpl20, with 



Table 1-Consen/ed epitopes for neutralizing antibodies Identified on the gp120 core 



Competition group* 


Examples of monoclonal 
antibodies 


gp 120 amino acidst 


Probable mechanism of 
virus neutralization 


Properties 


Selected refs 


CD4-binding site 
(CD4BS) 


F105 

15e 

21 h 
1125h 
448D 

39.3 
lgGlb12 
830D 


Asn88{13). Asp 113 (50), 
Lys117(25). Ser256(75). 
Thr257 (75), Asn262 (63). 
Ala266(13). Asp368(100), 
Glu370(100),Tyr384(13). 
Lys421 (50).Trp427 (25), 
Asp 457 (13), Pro 470 (25), 
Asp474(13), Met 476 (13), 
Asp 477 (63), Asp/Leu/ 
Tyr 482/483/484 (25) 


Interference with 
gpl20-CD4 binding 


CD48S antibodies compete 
with CD4 and with antibodies 
against CD4i epitopes 


8. 9,22 


CD4-induced epitopes 
(CD4i) 


17b 
48d 


Asn88, Lys117, Lys121, 
Lys207,Ser256. Thr257, 
Asn262. AV3. Glu370, 
Glu381, Phe382, Arg419. 
lle420.Lys421. Gin 422, 
lle423,Trp427,Tyr435. 
Pro 438, Met 475 


Interference with 

chemokine-receptor 

binding 


CD4 binding increases 
exposure of the epitopes as 
a result of movement of the 
\/2 variable loop 


18; C. Rizzuto and 
J.G.S., submitted 


2G12 


2G12 


Asn295, Thr297, Ser334, 
/^sn386, /\sn392, Asn397 


Unknown 


Antibody binding is 
dependent upon proper 


19 



A/-linked glycosylation 



"The gpl20 competition groups are defined as in ref. 5. 

t The gpl20 amino acids are numbered according to the sequence of the HXBc2 (HlB) gpi20 glycoprotein, where residue 1 is the methionine at the amino terminus of the signal peptide. 
Changes in the amino acids listed resulted in significant reduction in antibody binding to the gp120 glycoprotein (refs 18. 19. 22). Numbers in parentheses indicate the percentage of CD4BS 
antibodies examined whose binding is decreased by changes in the indicated residue. 
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additional contacts through the heavy chain CDR2 (ref. 12), 
Unusually, there are minimal 17b light-chain contacts, leaving a 
large gap between the gpl20 co.e and most of the 17b light-chain 
surface. In the complete gpl20 glycoprotein, this gap is probably 
occupied by the V3 loop. This is consistent, with the position and 
orientation of the V3 base on the gpl20 core structure '^ the effect of 
V3 deletions on the binding of CD4i antibodies in the absence of 
soluble CD4 (ref. 21), the competition of some V3-directed anti- 
bodies with CD4i antibodies\ and the ability of both antibody 




Figure 1 Staicture and orientation of the HIV-1 gp120 core, a, A Ca tracing of the 
gp 120 core, which was crystallized in a ternary complex with two-domain soluble 
CD4 andthe Fab fragment of the I7b antibody'^ is shown. The gp120 core is seen 
from the perspective of CD4, and is oriented with the viral membrane at the top of 
the figure and the target cell membrane at the bottom. The inner gp120 domain is 
shown in red and the outer domain in yellow; the 'bridging sheet: is orange. The N 
and C termini of the truncated gp120 core are labelled, as are the positions of 
structures related to the gpl20 variable regions Vl-VS. The £A, xC, lD and xE 
surface loops^ are shown. The posit on of the Phe43 cavity involved in CD4 
binding is Indicated by an asterisk. The gpl 20 surface implicated in binding to the 
CCR5 chemokine receptor (C. Rizzuto and J.G.S., submitted) is shown. The 
perspectives shown in b-d are indicated, b, View of the molecular surface of 
the gp12Q outer domain, from the perspective indicated in a. The molecular 
surface on the left is coloured according to the variability observed in gpl 20 
residues among primate immunodeficiency viruses: red. residues conserved 
among all primate immunodeficiency viruses; orange, residues conserved In all 
mV-1 isolates; yellow, residues exhibiting some variation among HIV-1 isolates; 
and green, residues showing significant variability among HIV-1 isolates (see 
Methods). The variability of the gpl 20 surface is underestimated here because 
the V4 variable loop, which is not resolved in the structure, contributes to this 



groups to block chemokine- receptor binding'^-". The chemokine- 
receptor-binding region of gp 1 20 probably consists of elements near 
or within the 'bridging sheet* and the V3 loop (Fig. la), a model that 
is supported by recent mutagenic analysis (C. Rizzuto et aly 
submitted). 

The V2 loop probably resides on the side of the 17b epitope 
opposite the V3 loop (Fig. 2a). The VlfWl loops, which vary from 
57 to 86 residues in length'\ are dispensable for .HrV^l- 
replication^' but decrease the sensitivity of viruses to neutraliza^-^ 



b 




surface (approximate location is indicated). The position of the VS region is 
shown. Also note the highly conserved glycosylation site (Asn356 and Thr/ 
Ser358) within thexE loop, between the V5 and V4 regions. On the right, the V4 
loop and the carbohydrates are modelled (see Methods). The complex carbohy- 
drate addition sites used in mammalian cells" are coloured light blue, and the 
high-mannose sites are dark blue. The gpl20 protein surface is in white, c. View of 
the gpl 20 molecular surface that faces the target cell. Variability is indicated on 
the left, using the same colour scheme as in b. Note the clear demarcation 
between the conserved surface, which has been implicated in the formation of 
CD4i epitopes'® and in chemokine- receptor binding (C. Rizzuto and J.G.S.. sub- 
mined), and the variable surface of the outer domain. The recessed binding site 
for CD4 is indicated, flanked by the VI /V2 stem, which is labelled. The V4 loop 
and the carbohydrates are modelled on the right (colouring as in b). Particular 
carbohydrates referred to in the text are labelled, d. View of the molecular surface 
of the gpl20 core inner domain. Variability is indicated on the left by the colour 
scheme used in b. The CD4-binding site is on the right; the protruding VI A/2 stem 
is indicated. The conserved molecular surface, which is associated with the inner 
domain of the gpl 20 core, is devoid of known /V-linked glycosylation sites. These 
are modelled on the right, which is coloured as in b. 
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tion by antibodies against V3 and CD4i epitopes". The latter effect 
is mediated primarily by the V2 loop^', suggesting that part of the 
V2 loop folds back along the VlfVl stem to mask the 'bridging 
sheet' and adjacent V3 loop. The proximity of the V2 and V3 loops is 
supported by the observation that, in monkeys infected with 
simian -human immunodeficiency viruses (SHIVs), neutralizing 
antibodies are raised against discontinuous epitopes with V2 and V3 
components (B. Etemad-Moghadam et a/., submitted). The CD4i 
epitopes are probably masked by the flanking V2 and V3 loops, 




CD4i 

Rgure 2 The spatial relationship of epitopes on the HIV-l gp120 gfycoprotein. a, 
The molecular surface of the gpl20 core is shown, using the same perspective as 
in Rg. la. The modelled N-terminal gp120 core residues, V4 loop and 
carbohydrate structures are included. T)ie variability of the molecular surface is 
indicated (colour scheme as in Fig.l b). The modelled carbohydrates are shown in 
light blue (complex sugars) or dark bluo (high-mannose sugars). The approximate 
locations of the V2 and V3 variable loops are Indicated. Note the well-conserved 
surfaces near the 'Phe43' cavity and the chemokine-receptor-binding site (Fig. 
la), b. Ca tracing of the gp120 core, oriented as in Fig. la. The gp120 residues 
within 4 A of the 17b CD4i antibody o.e shown in green; those implicated in the 
binding of CD4BS antibodies^ are in red. Changes in these residues significantly 
affect the binding of at least 25% of the CD4BS antibodies listed in Table 1. The 



requiring the evolution of antibodies with protruding ('male*) 
complementarity-determining regions (CDRs) to access these con- 
served epitopes. It has been suggested that CD4 binding repositions 
the V1/V2 loops, thus exposing the CD4i epitopes^'. The presence of 
contacts between the V1/V2 stem and CD4 in the crystal structure*^ 
is consistent with this model. 

CD4BS epitopes. CD4 makes several contacts within a recessed, 
pocket on the gpl20 surface. The gpl20-CD4 interface includes 
two cavities, one water- filled and bounded equally by both proteins. 




Face 

residues implicated in 2G12 binding'^ are shown in blue. The V4 variable loop, 
which contributes to the 2G12 epitope'^, is indicated by dotted lines, c. The 
molecular surface of the gp120 core, oriented and coloured as in b. d. Approxi- 
mate locations of the faces of the gp120 core, defined by the interaction of gp120 
and antibodies. The molecular surface accessible to neutralizing ligands (CD4 
and CD4BS, CD4i and 2G12 antibodies) is shown in white. The neutralizing face of 
the complete gp120 glycoprotein includes the V2 and V3 loops, which are found 
adjacent to the surface shown (a). The approximate location of the gp120 face 
that is poorly accessible on the assembled envelope glycoprotein trimer and 
therefore elicits onfy non-neutraltzing anttbodies^^ is shown in magenta. The 
approximate location of an immunologically 'silent' face of gpl20. which roughly 
corresponds to the highly glycosylated outer domain surface, is in blue. 
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the other extending into the gpl20 interior and contacting CD4 
only at Phe 43 (Fig. la)'l Table 1 and Fig. 2b, c show the gpl20 
residues implicated in the formation of CD4BS epitopes recognized 
by eight representative antibodies. CD4BS epitopes are uniformly 
disrupted by changes in Asp 368 and Glu370 (ref. 22), which 
surround the opening of the 'Phe 43 cavity*. These residues are 
located on a ridge at the intersection of the two receptor-binding 
gpl20 surfaces, consistent with competition studies suggesting that 
CD4BS epitopes overlap both the CD4i epitopes and the binding 
site for CD4 (refs 5, 18). The location of the gpl20 residues 
implicated in formation of the CD4BS epitopes suggests that 
important elements of the CD4-binding surface of gpl20 are 
accessible to antibodies. 

Some CD4BS antibodies, like IgGlbl2, are particularly potent at 
neutralizing HIV-1 (ref. 24). IgGlbl2 binding is disrupted by gpl20 
changes that affect the binding of other CD4BS antibodies but, 
atypicaUy, is sensitive to changes in the VlfVl stem-loop 
structu^e^^ The observation that some well-conserved residues in 
the gpl20 V1A^2 stem contact CD4 (ref. 12) raises the possibility 
that this protruding structure also contributes to the IgGlbl2 
epitope. This might increase the ability of the antibody to access 
the assembled envelope glycoprotein trimer, thus increasing neu- 
tralizing capability. 

Although the CD4BS epitopes and the CD4-binding site overlap, 
several observations demonstrate that the binding of CD4BS anti- 
bodies differs from that of CD4. Changes in Trp 427, a gpl20 residue 
that contacts both the Phe 43 cavity and CD4, uniformly disrupt 
CD4 binding but affect the binding of only some CD4BS antibodies 
(Table 1). Conversely, some changes in other cavity-lining, gp 120 
residues, Ser256 and Thr257, affect the binding of CiD4BS^anti- 
bodies more than the binding of CD4 (ref. 22). As the recessed 
position of Ser256 and Thr257 in the current crystal structure 
(Fig. 2b, c) makes direct contacts with antibody unlikely, either the 
effects of changes in these residues are indirect , or the CD4BS 
antibodies recognize a gpl20 conformation that differs from the 
CD4-bound state. With respect to the latter possibility, it is inter- 
esting that several of the residues impHcated in the integrity of the 
CD4BS epitopes are located in the interface between the inner and 
outer gpl20 domains. CD4BS antibodies might recognize a gpl20 
conformation in which the spatial relationship between the 
domains is altered compared with the CD4-bound state, thus 
allowing I better surface exposure of these residues. Differences 
between^ the GD4BS epitop'^s and the CD4-binding site create 
opportunities for neutralization escape". The gpl20 residues sur- 
rounding the Phe 43 cavity are highly conserved among primate 
immunodeficiency viruses (Fig. 2a), but the observed modest 
variation in adjacent surface- accessible residues (for example, 
Pro 369, Thr 373 and Lys 432) could account for decreased recogni- 
tion of the gpl20 glycoprotein from some geographic clades of HIV- 
1 by CD4BS antibodies^^. Additional potential for variation near or 
within the CD4BS epitopes is created by the unusual water-filled 
cavity in the gpl20-CD4 binding interface, because CD4 binding 
can apparently tolerate change ii the gpl20 residues contacting this 
cavity*^. 

The recessed nature of the CD4-binding pocket on gpl20 (Fig. Ic) 
may delay the generation of high-affinity antibodies against the 
CD4BS epitopes and may afford opportunities to minimize the 
antiviral efficacy of such antibodies once they are elicited. The 
degree of recession is probably much greater on the full-length 
glycosylated gpl20 than is evident on the crystallized gpl20 core. 
The recessed pocket is flanked on one side by the VI A^2 stem-loop 
structure. The characterization of HIV-1 escape mutants from the 
IgGlbl2 CD4BS antibody and the mapping of several V2 confor- 
mational epitopes support a model in which the V2 loop folds back 
along the V1/V2 stem, vnih V2 residues 183-188 proximal to 
Asp 368 and Glu370. This mcdel is consistent v^dth observations 
that VlfV2 changes, in combination with V3 changes, can alter the 



exposure of the adjacent CD4BS epitopes, particularly on the 
assembled trimer^*. The high temperature factors associated with 
the V1A^2 stem'^ imply flexibility in this protruding element 
(Fig. Ic, d), expanding the potential range of space occupied by 
the V W2 stem-loop structure. This could increase masking of the 
adjacent CD4BS and CD4i gpl20 epitopes and divert antibody 
responses towards the variable loops. 

Glycosylation may modify the interaction of antibodies with^ 
CD4BS epitopes. The XD loop, on the rim of the CD4T-bindihg 
pocket opposite the VlfV2 stem, contains a well-conserved glyco- 
sylation site, Asn276 (Fig. Ic). Changes in this site and at the 
adjacent Ala 281 have been associated with escape from the neu- 
trahzing activity of patient sera^^ and have been seen in SHIVs 
extensively passaged in monkeys^". Another conserved glycosylation 
site at Asn386 hes adjacent to both CD4BS and CD4i epitopes 
(Fig. Ic) and could diminish antibody responses against those sites. 
Additionally, in various HIV- 1 strains, carbohydrates are added to 
the V2 loop segment (residues 186-188) thought to be proximal to 
the CD4BS epitopes. 

The 2G12 epitope. The integrity of the 2G12 epitope is disrupted by 
changes in gpl20 glycosylation, by either glycosidase treatment or 
mutagenic alteration of specific N-linked carbohydrate-addition 
sites''. These sites are located on the relatively variable surface of the 
gpl20 outer doniain, opposite to and approximately 25 A away 
from the' CD4-binding site (Fig. 2b, c). The gpl20 glycoprotein 
synthesized in mammalian cells exhibits a dense concentration of 
high-mannose sugars in this region (Fig. 2a). Even in the enzyma- 
tically deglycosylated gpl20 core, carbohydrate residues constitute 
much of this surface. 2G12 probably binds at least in part to these 




Figure 3 A likety arrangement of the HIV-1 gpl20 glycoproteins in a trimeric 
complex. The gpl20 core was organized into a trimeric array, based on the criteria 
discussed in the text. The perspective is from the target-cell membrane, like that in 
Fig. Ic. The CD4-binding pockets are indicated by black arrows, and the 
conserved chemokine-receptor-binding regions are in red. Areas shaded in light 
green indicate the more variable, glycosylated surfaces of the gpl20 cores. The 
approximate locations of the 2G12 epitopes are indicated by blue arrows; those of 
the V3 loops (yellow) and V4 regions (green) are indicated. The positions of the V5 
regions (green) and some complex-carbohydrate addition sites (asparagines 276, 
463. 356. 397 and 406) (blue dots) are shown. The approximate locations of the 
large VIA/2 loops, centred on the known positions of the VI A/2 stems, are 
indicated (green). On one of the gpl20 subunits, the positions of lhe.cD and X-E 
loops are indicated. The distance of each of the gp120 monomers from the 3-fold 
symmetry axis is arbitrary. 
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The construction, expression, and purification of an 
active Fv fragment of the 0.5/3 monoclonal human immu- 
nodeficiency virus type 1 (HIV-1) neutralizing antibody 
is reported. The interaction between the Fv fragment 
and the RP135. peptide derived from the V3 loop of gpl20 
from HIV-liiiB was studied by varying the salt concen- 
tration and by mutating arginine residues in the pep- 
tide. The mutations R4A, R8A and RllA (which corre- 
spond to residues 311, 315, and 318 in gpl20 of HIV-1„ib) 
reduce the binding free energy by 0.22 (± 0.20). 4.32 (± 
0.16), and 1.58 (± 0.17) kca mol"*, respectively. The salt- 
dependent components of their contributions to binding 
are 0.02 (± 0.22), -0.55 (± 0.18), and -0.97 (± 0.19) kcal 
mol~', respectively. The magnitudes of the mutation- 
al effects and the extent of shielding by 1 m NaCl sug- 
gest that Arg-8 is involved in a buried salt bridge in 
the peptide-Fv fragment complex, whereas Arg-11 is 
involved in a more solvent-exposed electrostatic 
interaction. 



The 0,5/3 monoclonal antibody was raised (1) against the 
envelope glycoprotein gpl20 (from the strain HIV-Iujb)^ which 
is found on the surface of human immunodeficiency virus type 
1 (HIV-1) and HIV-1 -infected cells. Infection of healthy T-cells 
is facilitated by the binding of gpl20 to the CD4 protein which 
is present on the surface of helper T-cells. A chimeric mono- 
clonal antibody which contains the variable region of the 0.5)3 
antibody and human constant regions was found to protect 
chimpanzees from HIV-1 infection after passive immunization 
(2). The 0.5^ antibody binds to a sequential epitope of gpl20 
which corresponds to its principal neutralizing determinant. 
This determinant is within a disulfide-bridged loop in the third 
hypervariable region (V3) of gpl20 (3, 4). A 24-amino acid-long 
peptide, NNTRKSIRIQRGPGRAFVTIGKIG, derived from the 
principal neutralizing determinant of gpl20 of HIV- 1^3 and 
designated RP135, is immunogenic by itself and was shown to 
correspond to the binding site of gpl20 to the 0.5p antibody (4). 
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Nuclear magnetic resonance (NMR) studies on the interaction 
of the RP135 peptide with the Fab fragment of the 0.5/3 anti- 
body have defined a 16-residue epitope from Lys-5 to Ile-20 (5). 
The recently solved crystal structure of the Fab fragment of a 
different HIV-1 neutralizing antibody, 50.1, in complex with a 
16-residue peptide derived from the V3 loop of gpl20 (HIV-I^n 
strain) shows that it interacts only with a sequential 7-residue 
epitope (6). The interaction between the Fab fragment of yet 
another HIV-1 neutralizing antibody, 59.1, with a 24-residue 
peptide is similar to that of the 50. 1 Fab fragment with respect 
to the conformation of overlapping residues in the two peptides 
and the size of the epitope (7). 

Recent advances in antibody technology (see, for review, Ref. 
8) have made possible direct cloning of antibody genes from 
hybridomas or lymphocytes into plasmid vectors and their ex- 
pression in bacteria (see, for review, Ref. 9). In particular, there 
has been much recent interest in smaller antibody fragments 
that still retain antigen binding activity. These include Fv 
fragments (10, 1 1), single-chain Fv fragments (12, 13) and Fab 
fragments (14). Owing to the relatively small size of Fv and 
single-chain Fv fragments, their structures can be determined 
by multidimensional NMR techniques (15), and they are ex- 
pected to have improved pharmacokinetic properties (8). A 
single-chain Fv of the anti-HIV-1 gpl20 antibody, F105, has 
been constructed previously (16). Here, we report the construc- 
tion, expression, and purification of an active Fv fragment of 
the 0.5p monoclonal HIV-1 neutralizing antibody (1, 17). An 
accurate assay for measuring the binding of the RP135 peptide 
to the 0.5)3 Fv fragment was established and used to determine 
the contributions to binding of arginine residues in the peptide 
and their salt dependence. We have focused on arginine resi- 
dues in the peptide since amino acid sequence information and 
model building (5) suggested that electrostatic interactions are 
of special importance in this system. Measurement of binding 
constants in the presence of high salt, which masks electro- 
static interactions, facilitates partitioning of the binding en- 
ergy into ionic and nonionic components. Our long-term goal is 
to analyze in detail the energetics of this interaction by kinetic 
and protein engineering methods and to determine the solution 
and crystal structures of the 0.5^ Fv fragment-RP135 peptide 
complex. 

EXPERIMENTAL PROCEDURES 

Mafer/ayj— Molecular biology reagents were from New England Bio- 
labs or Promega unless stated otherwise. All Fmoc amino acid deriva- 
tives used for peptide synthesis were purchased from Novabiochem, 
Switzerland. Molecular weight prestained markers were from Bio-Rad. 
Isopropyl- 1 -thio-^-D-galactopyranoside (IPTG) was obtained from 
Chembridge Corp. All other analytical grade reagents were purchased 
from Sigma. 

Cloning of Amplified DNA and Construction of the 0.5^ Fv Fragment 
Expression Vector— The 54'CBl hybridoma cell line producing the 0.5^ 
monoclonal antibody was provided by Dr. S. Matsushita (Kumamoto 
University). Total RNA of 54'CBl cells was purified using an Amer- 
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sham kit. The design of the PGR primers and the PGR amplification 
reactions were as before (18). The amplified PGR products were di- 
gested using Psil and BstEW for the Vh gene and Sad and Bglil for the 
gene. The digested PGR products were then subcloned into a pUCl9 
expression vector that previously contained the genes of the and 
domains of the DI.3 anti-lysozyme antibody, each fused to the pelB 
signal sequence. In this plasmid, generously donated to us by Dr. G. 
Winter (Medical Research Gonncil, Gambridge), the domain is fused 
at its G terminus to the myc tag peptide. The D1.3 pUG19 vector was 
digested writH PsA and Bs&\\, purified to remove the DNA coding for 
the V„ domain of the Dl.3 antibody, and then religated with the PGR 
product of the 0.50 antibody V„ gene. The product of this ligation 
reaction was then digested with Sad and Xbol, purified to remove the 
DNA coding for the D1.3 domain, and then religated with the PGR 
product of the 0.50 antibody gene. A 0.9-kb EcdRl-Hindlll restriction 
fragment of this plasmid was then subcloned into the pTZlQU vector 
(1 9) previously digested with the same enzymes. This vector is desig- 
nated pT0. The pTZ19U vector contains an fl origin of replication that 
allows production of single-stranded DNA upon infection with helper 
phage. 

Site-directed Mu^a^e/7esj5— Single-stranded DNA of the plasmid 
pT0, harbored in the E. co/j strain TG2, was obtained by infecting these 
cells with helper-phage M13K07 (Pharmacia Biotech Inc.). Site-di- 
rected mutagenesis was carried out using the method of Eckstein (20) 
and the Amersham kit. The following oligonucleotides were used to 
correct mutations owing to the PGR oligonucleotides (18) and to reverse 
an additional mutation Ser-25 — > Phe that occurred for reasons not 
known. Glu-6(H) ^ Gin: 5'-GGGCAGAGTG*CTGGAGGT-3'. Thr- 
114(H) ^ Ser: 5'-GGGTGAGGGA*GGTGGGTT-3'. Phe-25(H) ^ Ser: 
5'-GTGTAGGCAG*AAGGGTTGG-3', G1u-3(k) Val: 5'-GGGT- 
GAGCA*GGATGTC-3', where H and k indicate mutations in the heavy 
and light chains, respectively. An asterisk follows the mismatched 
bases. The myc tag peptide was removed by replacing the sequence 
coding for the first two N-terminal residues of the tag with stop codons 
using the oligonucleotide: 5'-CTGAGATGAGTTTTTGT- 
TA*T*T*A*TTfGATGTGGAGCrTGG-3'. The vector with these five 
changes is designated pT^U. 

Fv Fragment Expression and Purification — ^A 5 -ml starter culture of 
Escherichia coli TG2 cells harboring the pTj311 plasmid was grown 
overnight at 37 *G in 2 X TY medium containing 50 /xg/ml ampicillin 
and 0.1% glucose. This culture was used to inoculate 500 ml of 2 x TY 
medium containing 50 ix^rc\\ ampicillin and 0.1% glucose. The cells 
were grown until their density reached /leoo ~ 0.6, and then protein 
expression was induced by the addition of I mM IPTG. The cells were 
grown for another 4 h at 30 "G, centrifuged, the supernatant (fraction A) 
was discarded, and the pellet was resuspended in 30 mM Tris-HGl 
buffer (pH 8.0) containing 20% sucrose, 1 mM EDTA, 0.6 mM phenyl- 
methylsulfonyl fluoride, 1 iLtg/ml aprotinin, and 1 ^g/ml leupeptin. After 
incubation for 20 min at room temperature, the cells were spun and the 
supernatant was collected (fraction B). The cell pellets were resus- 
pended in ice-cold water containing 0.5 mM MgGlj, 0.6 mM phenylmeth- 
ylsulfonyl fluoride, 1 ftg/ml aprot nin, and 1 /ig/ml leupeptin and incu- 
bated for 5 min on ice. After spinning the cells, the supernatant 
(fraction G) was collected and combined with fraction B. The combined 
fractions were loaded onto a Sepharose 4B (Pharmacia) column followed 
by an affinity column prepared by cross-linking a RP135-related pep- 
tide to GNBr-activated Sepharose 4B (Pharmacia), as described by the 
manufacturer. After extensive washing with PBS and 3 m NaGl, the 
0.5/3 Fv fragment was eluted with 0.1 M phosphate-citrate buffer (pH 
4.5), and 1-ml fractions were collected in tubes containing 50 /il of 3 M 
Tris-HGl (pH 9.0). The fractions were pooled, concentrated using Gen- 
triprep-10 (Amicon), and dialyzed exhaustively against 50 mM phos- 
phate buffer (pH 7.5). The protein was then aliquoted, flash-frozen in 
liquid nitrogen, and stored at -70 "G. The concentration of the protein 
was determined using the method of Gill and von Hippel (21) and by 
quantitative amino acid analysis. 

Peptide Synthesis and Purification — ^The antigenic peptide TRK- 
SIRIQRGPGRAFVTIGK and variants thereof were synthesized by the 
solid-phase method using a multiple peptide synthesizer (AMS 422 
Abimed Analysen-Technik GmbH, Germany), a- Amino functional 
groups were protected by Fmoc. Side-chain protecting groups were as 
follows: arginine, A^-2,2,5.7,*'-pentamethylchroman-6-sulfonyl (Pmc); 
serine, O-f-butyl; lysine, A^-r-butyloxycarbonyl; glutamine, AT'-trityl. 
After the full chain was synthesized, the peptides were cleaved from the 
polymer using a mixture of trifluoroacetic acid, thioanisole and trieth- 
ylsilane (9, 0.5, 0.5; v/v. respectively) at room temperature for 2 h. The 
cleaved peptides were precipitated with ice-cold f-butyl methyl ether 
and collected by centrifugation (4 "G. 2000 rpm). Pellets were twice 



washed with ether and then centrifuged. The pellets were then dis- 
solved in double-distilled water and lyophilized. Grude peptides were 
purified by preparative HPLG on a RP-18 column (7 fim. Merck). 
Peptides were eluted from the RP-18 column with a linear acetonitrile 
gradient from 5 to 65% (v/v) in water with 0.01% trifluoroacetic acid at 
a flow rate of 4 ml/mi n. The molecular weights of the peptides were 
determined using a VG Platform mass spectrometer equipped with an 
electrospray ion source. 50 pmol//il solutions of the peptides were ana- 
lyzed by direct injection after calibration with myoglobin. The expected 
(E) and observed (0) molecular masses (in daltons) were found to be in 
excellent agreement (wild-type: 2240 (E), 2240.06 ± 0.8 (O); R4A: 2155 
(E), 2154.91 ± 0.24 (0); R8A: 2155 (E), 2154.49 ± 0.34 (O): RllA: 2155 
(E), 2154.62 ± 0.56 (0)). Species with other molecular masses were not 
detected except for trace amounts of the monosodium salt of the pep- 
tides. The compositions of the HPLG-pure peptides were verified by 
quantitative amino acid analysis using a Dionex amino acid analyzer. 
The concentrations of the peptides were estimated using the 2,4,6- 
trinitrobenzenesulfonic acid method for determination of amines (22). 

Fluorescence Titration— k Shimadzu RF-540 spectrofluorimeter was 
used for all measurements. The excitation wavelength was 280 nm with 
a band pass of 10 nm and the emission wavelength was 330 nm with a 
band pass of 30 nm. A frozen aliquot of Fv was thawed and incubated for 
30 min at 25.0 (±0.1) °G with 2 ml of 50 mM phosphate buffer (pH 7.5) 
containing 0.05% Tween 20 and 1 m NaGl (when appropriate) before 
starting the titrations. The titrations were carried out by adding with a 
Hamilton syringe 2-^1 samples of the peptide to the 0.5/3 Fv fragment of 
the antibody, with constant stirring in a thermostatted cuvette at 25.0 
(± 0.1) °G. Fluorescence measurements were made 4 min after adding 
the peptide sample. 

Data /4/]a7/si5— Determination of dissociation constants was 
achieved by directly fitting fluorescence measurements of the Fv frag- 
ment at different peptide concentrations, using Kaleidagraph (version 
2.1 Synergy Software (PGS Inc.)). to the following equation for tight 
binding: 

F= Fo + (F. - Fo)([Fv]7.+ [P]r+ K- {[¥v]r'^ [PJ^H- K)^ 

- 4[Fv]7{P]^"^/2[Fv]7- (Eq. 1) 

where F is the observed fluorescence, Fq is the fluorescence in the 
absence of peptide, F„ is the fluorescence in the presence of saturating 
concentrations of peptide, [Fvly and [Ply are the total Fv and peptide 
concentrations, and Kis the dissociation constant. Estimates {±S.E.) of 
the parameters F„, (Fvl-j-, and /C were obtained from the fits which were 
carried out using a fixed value of Fq. In the case of weak binding. 
Equation 1 is reduced to: 

F= (Fo + F. [Pl/K)/(1 + [P]/A) (Eq. 2) 

where [P] is the concentration of free peptide and all other notations are 
as before. Determination of dissociation constants in the case of weak 
binding was achieved by directly fitting fluorescence measurements at 
different peptide concentrations to Equation 1 using a fixed value for 
(FvJt. Identical estimates were obtained by fitting the data to Equation 
2. Standard free energies of binding were calculated from dissociation 
constants, as follows; 

^G^RTlnK (Eq. 3) 

where R is the gas constant and T is the absolute temperature. The 
coupling energies between the effects on binding of the mutations and 
the addition of salt were calculated, as follows: 

AGhu = AO(wt. 0 m NaGl) - AG(wt. 1 m NaGl) - AG(niut, 0 m NaGl) 

+ Aamut. 1 m NaGl) (Eq. 4) 

The free energies on the right-hand side of Equation 4 are for binding 
of wild-type or mutant peptide to the 0.50 Fv fragment in the presence 
of 0 M or 1 M NaGl, as indicated. 

RESULTS 

PuriFication of the 0.5p Fv Fragment— In our pT^l 1 plasmid 
construct, both the heavy and light chains of the 0.5/3 Fv 
fragment are fused to the pelB leader sequence and are, there- 
fore, secreted into the periplasmic space. The 0.5p Fv was 
purified from the periplasmic space by osmotic shock. It may be 
seen in Fig. 1 that most of the purified 0.5^ Fv was released 
from the cells upon addition of the sucrose buffer and before the 
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Fic. 1 . Analysis by SDS-p oly aery 1 amide gel electrophoresis of. 
steps in the purification of the 0.5^ Fv antibody fragment. In 

lane 1 is shown total protein of IPTG-induced E. coUlGZ cells harbor- 
ing the pT^ll plasmid. Samples from fractions A, B, and C of 
the puriflcation procedure and of the purified Fv are shown in lanes 
2-5, respectively. M indicate molecular mass markers (kDa). 15% 
SDS-polyacryl amide gel electrophoresis was carried as described by 
Laemmli (31). 



osmotic shock. The 0.5^ Fv fragment was purified to homoge- 
neity by affinity chromatography using a Sepharose 4B column 
to which a gpl20-derived peptide antigen had been cross- 
linked. The final yield of the purified 0.5^ Fv fragment is 
typically about 1 mg/Iiter using the expression and purification 
procedure described here. Correct processing and purification 
were confirmed by gel electro )horesis and amino acid analysis. 
The purified Fv fragment is stable as judged by two different 
assays. A linear relationship was observed between the activity 
of the Fv fragment and its concentration indicating that disso- 
ciation of the heavy and light chains is minimal (data not 
"shown). In addition, repeated freeze and thaw cycles of the Fv 
fragment did not cause denaturation or dissociation as judged 
by nondenaturing gel electrophoresis (not shown) . 

Fluorescence Emission Spectra of the 0.5^ Fv Fragment and 
Its Complex with the Peptide y4/7r/^e/3— Fluorescence emission 
spectra of the 0.5^ Fv fragment were measured in the absence 
and in the presence of an excess amount of the RP135 peptide 
antigen (Fig. 2). As is evident from the spectra in Fig. 2. in the 
presence of excess antigen there is a blue-shift in Xj^ak ^^om 337 
nm to 333 nm, and there is an enhancement in the fluorescence . 
intensity at wavelengths below 349 nm and quenching above 
this wavelength. These changes in fluorescence were exploited 
in order to establish a bin'^vng assay for the peptide antigen to 
the Fv fragment, as described under "Experimental Proce- 
dures." Previous model building (5) showed that the framework 
residue Trp-47(H) is part of the potential antigen-binding site. 
The observed changes in fluorescence may be due to this anti- 
body residue which may be in contact vyith the peptide. 

Effects of Mutations in the Peptide on Binding— Arginine 
residues at positions 4. 8, and 11 in the RP135 peptide, which 
correspond to positions 2, 6, and 9 in the peptides we synthe- 
sized and to positions 31 1, 315, and 318 in gpl20, were replaced 
by alanine. The dissociation constants for the interaction of 
these peptides with the 0.5j3 Fv fragment were determined by 
fluorescence enhancement titration as shown in Fig. 3. Free 
energies of binding were calculated from the measured disso- 
ciation constants using Equation 3 (Table I). In the absence of 
salt, the dissociation constant for the interaction between wild- 
type peptide and the Fv fragment is about 2 nM. Skinner et al. 
(23) reported dissociation constants of 5 nM and 14 nM at 20 *C 
for the interaction of the full 0.5^ antibody with gpl20 and the 
RP135 peptide, respectively. The free energy of binding of the 
wild-type peptide to the Fv fragment is, in the absence of salt, 
-11.91 (± 0.16) kcal mor^ The mutations R4A, R8A. and 
Rl 1 A reduce the binding free energy by 0.22 (± 0.20), 4.32 (± 
0.16). and 1.58 (± 0.17) kcal mol" ^ respectively. 

Effect of Salt on Binding— ^ tee energies of binding of the 
wild- type and mutant peptides to the 0.5p Fv fragment were 
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Fig. 2. Fluorescence emission spectra of the 0.5^ Fv fragment 
and its complex with the RP135 peptide antigen. Fluorescence 
emission spectra of 300 nM 0.5j3 Fv fragment without {continuous lin^ 
and with {broken line) 1 fiM RP135 peptide antigen were measured at 
25.0 (± 0.1) °C in 50 mM phosphate buffer (pH 7.5) using an excitation 
wavelength of 280 nm with a band pass of 1 0 nm. Also shown is the 
spectrum of the buffer with and without peptide under the same con- 
ditions {dashed line). 
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Fig. 3. Titration of the 0.5/5 Fv fragment with wild -type pep- 
tide monitored by fluorescence enhancement. The concentration 
of the 0.5^ Fv fragment was 0.5 ^im. The data were fitted to Equation 1 . 
For further details, see "Experimental Procedures." 

determined also in the presence of 1 m NaCl (Table I). The 
changes, upon addition of 1 M NaCl, in the free energies of 
binding of wild-type peptide and the R4A, R8A, and RllA 
mutants are 1.76 (± 0.17), 1.78 (± 0.13). 1.21 (± 0.03). and 0.79 
(± 0.07) kcal mol"\ respectively. In the presence of 1 m NaCl, 
the mutations R4A, R8A. and RllA reduce the binding energy 
to the 0.5^ Fv fragment by 0.24 (± 0.09), 3.77 (± 0.08), and 0.61 
(± 0.09) kcal mol~\ respectively. 

DISCUSSION 

Amino acid sequence information had suggested that elec- 
trostatic interactions are of special importance in the binding of 
the RP135 peptide antigen to the 0.5p Fv antibody fragment. 
The 20-mer peptide contains 6 positively charged residues (4 
arginines and 2 lysines) and no negatively charged residues 
whereas the antibody's complementarity determining regions 
contain many negatively charged residues and only a few pos- 
itively charged residues. In addition, model building (5) showed 
that a shallow concave groove is formed by the 6 complemen- 
tarity determining regions of the antibody and by two frame- 
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work residues (Tyr-49(H) anc Trp-47(H)). and that this poten- 
tial antigen-binding site contains many negatively charged side 
chains. Electrostatic interactions were previously demon- 
strated to be important in formation of other antibody-antigen 
complexes (24). 

In order to determine the contribution of electrostatic inter- 
actions, we established a quantitative and highly accurate 
binding assay for the interaction of the RP135 peptide with the 
0.5)3 Fv fragment. We then analyzed the effects of mutations of 
arginine residues in the peptide on its interaction with the 0.5p 
Fv fragment both in the absence and in the presence of 1 m 
NaCl (Table I). All arginine residues in the peptide were re- 
placed except Arg- 1 5 which was not, owing to its role in stabi- 
lizing the peptide conformation (7, 25). The free energies of 
binding of the wild-type and all of the mutant RP135 peptides 

Table I 

Free energies of binding of Me 0.5p Fv fragment to wild-type and 
mutant RP135 peptides at 0 and 1 m NaCl 

Each titration was carried out in duplicate (AC7, and ACJ 3t 25.0 
as described under 'Experimental Procedures." Free energies of binding 
were calculated from the dissociation constants. K using: AO= RTinK 
where Ris the gas constant and Tis the absolute temperature. 

Peptide AG, ACz ^C^" 



Wild-type (0 M salt) 
R4A (0 M salt) 
R8A (0 M salt) 
RllA (OMsalt) 
Wild-type (1 M salt) 
R4A (1 M salt) 
R8A (1 M salt) 
RllA (1 M salt) 



-11.91 (±0.24) 
-11.76 (±0.15) 
-7.51 (±0.02) 
-10.39 (±0 08) 
-10.23 (±0.09) 
-9.95 (±0.09) 
-6.51 (±0.05) 
-9.40 (±0.06) 



kcal moF' 
-11.90 (±0.20) 
-11.62 (±0.19) 
-7.66 (±0.02) 
-10.27 (±0.07) 
-10.07 (±0.10) 
-9.87 (±0.07) 
-6.24 (±0.03) 
-9.67 (±0.08) 



-11.91 (±0.16) 
-11.69 (±0.12) 
-7.59 (±0.01) 
-10.33 (±0.05) 
-10.15 (±0.07) 
-9.91 (±0.06) 
-6.38 (±0.03) 
-9.54 (±0.05) 



'AG,,, = l/2(Aa + AC2). 



to the 0.5)3 Fv fragment are found to decrease in the presence 
of 1 M NaCl demonstrating the importance of multiple electro- 
static interactions in this system. 

The mutations R8A and RllA, but not R4A, are found to 
have large effects on binding of the RP135 peptide to the 0.5^ 
Fv fragment. Our precise measurements are in agreement with 
the more qualitative findings of Okada etal (26) that mutation 
of the corresponding arginine residues in gpl20 affect its bind- 
ing to the 0.5^ monoclonal antibody. Okada et al (26) also 
showed that mutation of these arginine residues affects virus 
infectivity and syncytium-inducing ability. Our results are also 
consistent with a previous epitope mapping study by NMR (5) 
which showed that the antigenic determinant recognized by the 
Fab fragment of the 0.5)3 antibody consists of 16 residues 
(Lys-5 to Ile-20). Interestingly, in most HIV isolates there is a 
deletion in the V3 loop of two residues corresponding to Arg-8 
and Gln-7 in RP135 (27) which may explain why the 0.5^ 
antibody is strain-specific. 

The salt-dependent components of the contributions to the 
binding energy of the arginine residues mutated in this study 
were isolated by invoking thermodynamic cycles shown in Fig. 
4. By analogy to double-mutant cycles (28), the cycles in Fig. 4 
consist of two different steps: (i) a mutation and (ii) transfer 
from 0 M NaCl to 1 m NaCl. The coupling free energies for such 
cycles are calculated using Equation 4, and they reflect to what 
extent the effect of the mutation is salt-dependent. If the cou- 
pling energy is zero, then the effect of the mutation is salt- 
independent. If the coupling energy is different from zero, then 
the effect of the mutation is salt-dependent. Surprisingly, it 
may be seen from Fig. 4 that there is no correlation between the 
magnitude of the salt-dependent contribution to the binding 
energy of a given residue and its apparent overall contribution. 



-11.91 ±0.16 



Ab+ Ag(wi) 
(OMNaQ) 



AG. 0.0210.22 
tnt 



Ab + Ag (R4A) 
(DM NaCl) 



-11.69 ±0.12 



-10.1510.07 



Ab+ Ag(wt) 
(IMNaQ) 



Ab + Ag (R4A) 
(IMNaQ) 



-9.91 ±0.06 



Fig. 4. Thermodynamic cycles 
showing the coupling between ef- 
fects of high salt and mutations in the 
peptide antigen on its binding to the 
0.5/5 Fv fragment. The Fv fragment and 
the wild-type peptide antigen are desig- 
nated by Ab and Ag{wi^, respectively. Sin- 
gle-letter notation for amino acids is used. 
Free energy values are given in kcal 
mol~' (Table I). The coupling free ener- 
gies, AG,„t, w^ere calculated using Equa- 
tion 4. 
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For example, the apparent contribution (AC^pp) of Arg-8 to the 
binding energy is -4.32 (± 0 16) kcal mol~* whereas the salt- 
dependent component of its contribution is only -0.55 (± 0.18) 
kcal mol~*. In contrast, the apparent contribution of Arg-l 1 to 
the binding energy is -1.58 (± 0.17) kcal mo!"\ and the 
salt-dependent component of its contribution is -0.97 (± 0.19) 
kcal mol~*. We can define 4> as the ratio between the salt-de- 
pendent contribution, ^G^^^, and the apparent total contribu- 
tion (<\> = A(7int/A6^„pp). The <^ values for Arg-4. Arg-8, and 
Arg-11 are -0.09 (± 0.99), 0.13 (± 0.04), and 0.61 (± 0.14), 
respectively. There is uncertainty regarding the <^> value for 
Arg-4 but it is clear that the salt-dependent contribution is 
more dominant in the case of Arg-1 1 compared with Arg-8. In 
principle, two. reasons may account for this difference: (i) in- 
complete shielding by salt, i.e Arg-1 1 is more solvent-exposed 
than Arg-8 in the Fv fragment-peptide complex or (ii) Arg-8 is 
involved in nonelectrostatic interactions. Further structural 
and energetic studies now in progress are required in order to 
distinguish between these possibilities. 

The strength of exposed and buried salt bridges has been 
determined in other systems. In T4 lysozyme, a buried salt 
bridge was found to contribute 3-5 kcal mol"* to protein sta- 
bility (29) whereas solvent-exposed salt bridges in barnase 
were found to contribute only about 1 kcal mol"* to its stability 
in the absence of high salt which had a strong masking effect on 
them (30). Here, both the magnitude of the mutational effect 
(ACapp = -4,32 (± 0.16) kcal mol"*) and the extent of shielding 
by 1 M NaCl (c^) = 0.13 {± 0.04)) suggest that Arg-8 is involved 
in a buried salt bridge. The magnitude of the mutational effect 
in the case of Arg-1 1 (AG^pp = - K58 (± 0.17) kcal moP ^) and 
the extent of masking by salt {4> ~ 0.61 (± 0.14)) suggest that 
this residue is probably involved in a more solvent-exposed 
electrostatic interaction. 
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